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Abstract

This study examined ecology, colonisation, biological control and detection of sapstain
fungi in New Zealand.

A nationwide survey of New Zealand sapstain fungi was undertaken between 1996 and
1998. In total, 1035 sites were sampled in the North and South Islands. From these
collections, 1755 potential sapstain fungi were isolated and seventeen individual species
were identified. The predominant sapstain fungi identified were Sphaeropsis sapinea,
Ophiostoma ips, O. floccosum, O. piliferum, O. querci and Leptographium procerum.
This data was subsequently evaluated according to ecological criteria, including
geographical and temporal distribution of sapstain fungi. A greater diversity of sapstain
fungi was found in areas of New Zealand that were primarily plantation forestry. S.
sapinea was isolated during more generalised forest sampling, and from both native and
plantation forests. Ophiostoma species were isolated more frequently from Pinus
radiata plantations, processing plants including mills and ports and were mainly isolated
from harvested forest material such as logs, wood chips, and other wood products. S.
sapinea was isolated more frequently in spring and summer while Ophiostoma species
predominated during autumn and winter periods, probably linked with insect vectoring.
This was the first attempt to link the sapstain organisms identified in New Zealand with
their overall distribution within sectors of the forest industry, in different wood species,

and in different types of wood samples.

New Zealand is one of the world’s largest exporters of softwood logs. Exports of forest
products provide 4% of New Zealand’s gross domestic product (GDP) with Japan,
Korea, United States and the Philippines as major export markets for P. radiata logs.
Conditions found within the holds of ships were thought likely to be ideal for the rapid
colonisation of the sapstain fungi that results in dark penetrating stains. Log export
research was designed to determine the extent of sapstain colonisation at specific points
in the processing of logs from harvesting to the export destination. Two trials were
established, in New Zealand summer and in winter, where mature P. radiata logs were
harvested in New Zealand and shipped to export ports in Japan.  Microclimatic
conditions (temperature and relative humidity) on board the ships were recorded using
data loggers both above deck and below deck. Nine species of sapstain fungi were

isolated from logs during the summer trial. The most common species isolated were O.
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floccosum, O. querci and O. setosum. In contrast, a different combination of nine
species was detected during the winter trial. S. sapinea, O. querci, O. floccosum, O.
setosum and Ophiostoma piceae were most commonly isolated. The results of this study
showed that the New Zealand sapstain fungi were being exported on logs. However,

many of these fungi were previously recorded in Japan. In addition, no serious
pathogens were detected.

It was recognised during the sapstain fungal survey and export trials that a more
thorough fundamental understanding of sapstain colonisation was required to properly
determine the impacts of sapstain fungi to the New Zealand forest industry. In vitro and
field studies were established to measure the relative colonisation of different species of
sapstain fungi using synthetic media and P. radiata wood. These studies were
undertaken to determine which sapstain species colonised, and how species interacted
with each other following inoculation. In addition, the impacts of environmental
conditions on the establishment and development of fungi and the resulting associated
stains were determined. Temperature was found to affect the growth of varioué species
of sapstain fungi on synthetic media and on P. radiata wood and logs. In the field
studies O. floccosum was found to be the most successful coloniser of P. radiata logs in
both winter and summer. Environmental factors such as temperature and moisture
content were found to affect stain development. All fungal treatments developed
sapstain discolouration from 15 days following inoculation in the summer field trial. In
contrast, no stain was evident on any treatment in the winter field trial 60 days following
inoculation. The colonisation of P. radiata by sapstain fungi was determined using
microscopic techniques. Sapstain fungal hyphae were abundantly present in the ray
parenchyma cells, tracheid lumen and resin canals of P. radiata wood. No differences in
hyphal penetration were observed between the different sapstain fungal species at the
cellular level. From these results a better understanding of the biology of sapstain
species emerged. This new knowledge of the mechanisms and environmental triggers of
fungal colonisation and stain development will aid in the more advanced technologies

and management strategies to successfully control sapstain.

The many negative environmental impacts associated with traditional anti-sapstain
chemical treatments led to increased interest in the more benign treatments of logs and
wood using biological control technologies. The potential biological treatment of

sapstain fungi using albino strains of O. floccosum, O. piceae and O. pluriannulatum
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was evaluated. These albino fungi demonstrated varied growth characteristics at
different temperatures on both synthetic media and on P. radiata wood specimens.
Comparable growth was found when evaluating wild type and albino sapstain strains in
synthetic media and P. radiata wood in laboratory and field studies. Four field trials
showed considerable variation in the biological control potential of the albino strains
against wild type sapstain fungi. The mode of action of the albino strains was found to
be competitive, through the use of primary resource capture of wood nutrients.
However, albino O. floccosum strains were shown to produce zonal barriers when

challenged with S. sapinea.

Proteomic analysis of cell wall proteins was undertaken to differentiate sapstain fungi
from other wood inhabiting fungi and in an attempt to develop a method of determining
the presence of sapstain fungi in wood prior to the development of stain. Proteins were
extracted from the cell walls of various sapstain fungi (L. procerum, O. ips, O. querci
and S. sapinea) and wood inhabiting fungi (Alternaria alternata, Epicoccum nigrum,
Trichoderma koningi) grown in liquid culture. Two dimensional (2D) protein profiles
were made and compared. A total of 93 proteins were analysed using mass spectroscopy
and the profiles compared to protein databases. This is the first investigation using

proteomics of the cell wall proteins of Ophiostoma species and S. sapinea.

This study addressed the importance of sapstain fungi in New Zealand on P. radiata, and
increased our understanding of ecological requirements of the different sapstain species.
Differences between these species with respect to colonisation and the development of
associated stains were identified and investigated, enabling a critical evaluation of those
species that were found to be most significant to the New Zealand forest industry. The
future of sapstain management depends on a thorough ecological understanding of key
sapstain fungal species involved in the cosmetic degradation of wood and an ability to
manage the impacts of these species on the New Zealand forest industry using a
combination of forest management practises and biological and chemical control

techniques.
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1 General introduction and literature review

1.1 Introduction

Sapstain is the discolouration of wood caused by the presence of pigmented hyphae,
belonging to various taxonomic groups of fungi. This cosmetic discolouration to the
wood imparts no loss of strength, but affects domestic and export earnings for the forest
industries. The pnmary wood species in New Zealand, Pinus radiata, is highly
susceptible to sapstain damage, with an estimated annual loss in revenue of NZ$100
million (Wakeling, 1997). Sapstain in New Zealand is principally caused by members of
the Ophiostomataceae family and by Sphaeropsis sapinea.

In New Zealand, there are around 1.7 million hectares of plantation forestry and of this
approximately 1.6 million consists of P. radiata (New Zealand Forest Owners, 2001).
The fast growth of P. radiata in New Zealand results in the production of trees with a
high proportion of sapwood, compared to many Northern Hemisphere softwoods (Cown,
1992). This increased sapwood imparts more susceptibility to detrimental fungi including
mould, sapstain, decay and soft rot (Butcher and Drysdale, 1991) than is observed in
Northern Hemisphere softwood species. This thesis research was concerned with the
fungi that cause sapstain, which result in loss of value for logs and timber of New Zealand

wood species, in particular P. radiata.

Little is known about the ecology and biology of the fungi involved in sapstain formation.
“The lack of knowledge about the organisms causing timber discolouration (or stain)
posed relatively few problems while sodium pentachlorophenol was in use” stated Kang
and Morrell (2000). International concern and awareness of the health and environmental
impacts of sodium pentachlorophenol and its derivates resulted in the discontinuation of
this method of sapstain control. In order to develop an integrated management strategy
or an environmentally benign technology against the stain, the ecology and biology of the

staining organisms firstly needs to be well understood.

Historically, in New Zealand, there was limited research on sapstain fungi affecting P.
radiata. The major sapstain problems of P. radiata were linked with S. sapinea (Birch,
1936; Butcher, 1967). Other minor sapstain species were also found, including members
of the Ophiostoma family (Butcher, 1967). Hutchison and Reid (1988a, b) sampled wood
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from indigenous and native trees in six locations in the North Island and found a number
of Ophiostoma species associated with sapstained wood. A more comprehensive survey
of sapstain fungi in New Zealand was conducted from 1996 until 1998 (Farrell et al,
1998). The sapstain fungi isolated and identified in the study by Farrell and colleagues
included S. sapinea and thirteen members of the Ophiostomataceae family. In this
doctorial thesis, aspects of ecological distribution of sapstain fungi in New Zealand were
investigated using the survey data of Farrell er a/ (1998). In addition the ecology and
colonisation of sapstain fungi from harvesting to delivery at an export destination (Japan)
was followed in two field trials. These trials were the first successful attempts published
in the world, of sampling logs at harvesting, at the departure port before shipment and at
the destination port in Japan. Besides the ecological significance for sapstain control, this

thesis research had direct implications to biosecurity.

During this ecological investigation of New Zealand sapstain fungi, a number of
Ophiostoma species and their anamorphs were described in New Zealand for the first
time. These new species as well as previously studied species were included in more
specific physiological research, which is described in this thesis. Physiological aspects of
a selection of New Zealand sapstain fungi including factors controlling colonisation on
synthetic media, P. radiata in the laboratory and P. radiata in the field were undertaken.
An understanding of the factors influencing the colonisation and growth of sapstain is
expected to provide valuable information to help in the development of more effective

control and detection methods.

An albino Ophiostoma piliferum strain lacking the melanin-like compounds responsible
for the discolouration of wood was developed in the late 1980°s (Blanchette et al, 1992,
Brush er al, 1994). In recent years new albino strains were developed from other
Ophiostoma species specifically for the New Zealand forest industry (Held ef al, in press).
This thesis describes in vitro and field investigations into the colonisation of albino
Ophiostoma piceae, Ophiostoma floccosum and Ophiostoma pluriannulatum strains.
Field trials were also established to investigate the biological control potential of these

new species of albino strains.

There is a requirement by the forest industry for rapid and reliable techniques to identify
sapstain fungi and methods to differentiate them from moulds and other wood inhabiting
fungi. This thesis describes the development of a method of identification and detection
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of sapstain fungi. An investigation of the cell wall proteins of sapstain fungi and other
common wood inhabiting fungi using proteomic technology to identify specific marker
proteins at a species or group level was undertaken. It was proposed that antibodies to

specific marker proteins could be used as a potential detection method.



1.2 Hypothesis, Aims and Objectives

The hypothesis of this thesis research was that an understanding of the fungal species that

cause sapstain, their distribution and colonisation in P. radiata in New Zealand was

required in order to establish efficient control regimes for the fungi.

The three primary aims of this research were i) to determine the effect of the sapstain

fungi, Ophiostoma species and S. sapinea, on New Zealand wood species and wood

products, especially P. radiata, 11) to investigate biological control methods to minimise

sapstain growth and stain development and iii) to establish potential methods of detection

of sapstain fungi.

The primary objectives of this thesis were as follows:

Examine the distribution in New Zealand of sapstain fungi. Firstly analyse
survey data to identify the geographical, seasonal distribution of sapstain
fungi. Secondly, to investigate the influence of wood type (chip, log, timber
and seedling) and different sectors of the forestry industry (native forests, P.
radiata plantations, other wood species plantations, mills and ports) on the
distribution of sapstain.

Assess the sapstain development and identify the sapstain fungi in two
ecological investigations from harvesting in New Zealand to delivery of export
logs in Japan.

Identify the growth characteristics of the major sapstain species in vitro and in
field trials on P. radiata. Examination of the type and intensity of stain
produced on P. radiata of New Zealand sapstain fungi.

Develop a greater understanding of the biology and control potential of the
albino Ophiostoma strains developed.

Identify a method of identification of New Zealand sapstain fungi to species

level that does not require complex morphological examination.



1.3 Overview of thesis organisation

This thesis consists of eight chapters. In Chapter 1, the literature with regard to New
Zealand forestry and P. radiata is reviewed as well as an introduction to wood inhabiting
fungi and in particular sapstain fungi. The taxonomy, ecology of sapstaining fungi is
reviewed to provide essential background knowledge on the mycological aspects of the
research topic. The literature relating to more specific aspects of the research objectives
are provided at the beginning of the individual chapters. Chapter 2 contains the
descriptions of the general materials and methods used in this thesis. More specific
descriptions of methods related to individual aspects of the research are provided in the
material and method section in the appropriate chapters. The ecology of sapstain fungi in
New Zealand is presented in Chapter 3. The distribution of sapstain fungi from
harvesting to an export destination as well as consideration of the export shipping
environment is described in Chapter 4. Analysis of the colonisation of a selection of
sapstain fungi in vitro and the field trials is presented in Chapter 5. Chapter 6 describes
the biological control of sapstain on P. radiata using albino strains of O. floccosum, O.
piceae and O. pluriannulatum. The mode of action of the albino strains is also
investigated in this chapter. Chapter 7 describes the development of one method of
identification and detection using proteomics. A general summary and discussion of the
data presented in this thesis is provided in Chapter 8 as well as recommendations for
future research. The appendices include transcripts of the candidate’s publications that

are published or in press at the time of submission of this thesis.

The naming authorities for the identified cultures and other cultures used in this thesis are

given in the list of species (page xvii).



1.4 Literature Review: Introduction to Pinus radiata and wood fungi

In this section, literature of the wood-fungal system is reviewed, with emphasis on the
dependence of the fungi on the wood as their host. Firstly, literature on the development
of the New Zealand forest industry with particular emphasis on the establishment of P.
radiata plantations and the structure, composition and chemical properties of P. radiata is
provided. An introduction of wood inhabiting fungi, in particular the literature relating to
sapstain fungi is addressed in the second part of this literature review. Literature reviews
relating to more specific aspects of the research objectives are provided at the beginning
of the appropriate chapters. Literature emphasising factors influencing colonisation of
wood by sapstain fungi is reviewed in Chapter 5. Literature relating to general control
methods, biological control, and albino development are reviewed in Chapter 6. A review
of the literature on various detection methods for sapstain fungi and an introduction to

proteomics is provided in Chapter 7.

1.4.1 Pinus radiata (D. Don)

1.4.1.1  Pinus radiata in New Zealand

Indigenous forests once covered 80% of New Zealand. Native forest is now set aside for
conservation purposes and New Zealand must rely on 1.7 million hectares (6% total land
area) of planted production forest for the supply of forest products for domestic
consumption and exports (New Zealand Forest Owners, 2001). Planted production
forests in New Zealand are composed of 90% P. radiata, 5% Douglas fir (Pseudotsuaga
mentziesii), 2% other exotic softwoods and 3% exotic hardwoods (including Eucalyptus

species) (New Zealand Forest Owners, 2001).

From the onset, the planting of trees in New Zealand for forestry purposes was almost
exclusively based upon exotic tree species introduced into the country (Kirkland and
Berg, 1997). It is unclear how and when P. radiata was first introduced into New
Zealand, however by 1865, it was firmly established (Harris, 1991). In the 1870’s, new
settlers to New Zealand were planting P. radiata as single species shelterbelts and
woodlots in both the North and South Islands (Harris, 1991). Experimental plantings
were made in state owned forests in the Central North Island in the early twentieth
century. The Royal Commission on Forestry in 1913 recommended P. radiata as the
most suitable of the introduced tree species for extensive plantings by the state due to the
ease of propagation, rapid height growth, high volume production and adaptability to a

wide range of sites (Harris, 1991). In contrast, native species were considered more
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difficult to propagate and too slow growing to fit commercial plantation objectives
(Kirkland and Berg, 1997).

P. radiata is native to three locations on the central coast of California (Cambria,
Monterey, Ano Nuevo) and to two small Mexican islands (Guadalupe and Cedros)
(Figure 1.1) (Kirkland and Berg, 1997). Native stands cover only 8,000 hectares
(Kirkland and Berg, 1997). The first seed introductions of P. radiata into New Zealand
were imported in the 1850°s to 1880’s from Monterey and Ano Nuevo (Maclaren, 1993;
Kirkland and Berg, 1997). In the 1920°s and 1930’s, seed was collected from New
Zealand shelterbelts, for the major forest plantings. As so much seed was required during
this planting boom, there was little incentive or opportunity for seed suppliers to select
better seed trees (Kirkland and Berg, 1997). Testing of the seedlots from the early New
Zealand P. radiata populations showed faster growth in New Zealand sites than those
collected directly from native stands (Kirkland and Berg, 1997). This improvement in
cultivation in only a few generations was attributed to more outcrossing in plantations
than in native wild stands and to the apparent mixed origin of New Zealand P. radiata
(Kirkland and Berg, 1997).
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Figure 1.1: Locations of natural populations of P. radiata and equivalent latitudes to New Zealand (source
Harris, 1991).

In New Zealand, P. radiata has a reputation for rapid growth under a wide range of

growing conditions and an ability to meet diverse end-use requirements (Cown, 1992).
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The yield and timber quality are a direct result of the interaction of a number of factors —
site, silviculture and seedlot (Cown, 1992). Better selection of seed trees and the
development of specialist seed orchards based on genetically improved trees, have
improved stem straightness, tree form, vigour and wood density (Harris, 1991). In the
1980s, a system was developed in New Zealand that provides comparative rankings of
genetic gain across a seedlot. There are four breeds, each with its own improvement
rating: GF (growth and form), LI (long internode), DR (Dothistroma resistant) and HD
(high wood density) (Maclaren, 1993).

P. radiata is planted widely throughout New Zealand from the north of the North Island
to the south of the South Island, covering areas with different climate (from warm to cold)
and different soil type (sand, pumice-scoria, and various types of clay) (Figure 1.2). The
majority of the plantation forest area is situated in the Central North Island with 575,607
hectares (Figure 1.2). This thesis research utilised P. radiata logs and wood originating
from Kinleith Forest within the Central North Island. The Central North Island soils are
derived predominantly from volcanic ash from numerous eruptions over the last 20,000
years (New Zealand Soil Bureau, 1968). The thickness of the volcanic ash compaction,
differences in nutrient levels as well as geographic features such as slope and aspect,
contribute to most of the variation in soils (Rijske, 1994). Yellow brown pumice soils are
the most extensively and frequently occurring soils in the forests of the Central North
Island and are formed from pumice from the Taupo eruption (between 500 and 5000
years ago) (New Zealand Soil Bureau, 1968). The factors that may limit tree growth in
these forests are a cool climate at higher altitudes and physical barriers to root growth
(Rijske, 1994). The Central North Island region has an average annual rainfall of
approximately 1,600mm (Quayle, 1984). The highest rainfall occurs during May to
August, while the driest conditions are generally between November and February
(Quayle, 1984). The prevailing winds are west to southwesterly. Temperature variations
(both seasonal and diurnal) are relatively small due to New Zealand being a small
landmass surrounded by ocean. Mean daily maximum temperatures are over 20°C during
the summer period for the Central North Island. The mean temperature during winter
months for this region is approximately 8°C. This area experiences approximately 1,950

sunshine hours per annum (Quayle, 1984).



Northiand 203,458

Auckland 54,720

Central North Istand 576,607
East Coast 149,722
Hawke's Bay 120,934

Southern North Island 188,777

Nelson/Marlborough 173,606

West Coast 33,932

Canterbury 114,244

Otago/Southland 186,638

Figure 1.2: Map of New Zealand Forest plantations according to areas (hectares) (as of April 2000) (source
New Zealand Forest Owners, 2001).

New Zealand’s P. radiata plantations provide for almost all domestic wood needs, and
also for a substantial export trade in logs and processed wood products. Of the
commercial plantation forests in New Zealand to the year ending 31 March 2000, 35,000
hectares of forest area was clear felled with a total volume of 17,774,000 m® removed and
the average clear fell age for P. radiata was 26.8 years. Harvested forest area is divided
into three types of wood product; pulp logs, quality logs (saw logs, peeler logs and export
logs) and other roundwood (small logs and export chips). The proportion of each wood
product produced in New Zealand from 1994 - 2001 is shown in Figure 1.3.
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Figure 1.3: Harvested logs according to quality in New Zealand (source New Zealand Forest Owners,
2001).

1.4.1.2  Wood structure and composition of P. radiata

The structure of P. radiata is similar to other pines. Anatomically, P. radiata cannot be
distinguished with certainty from P. contorta (lodgepole pine) and P. ponderosa
(ponderosa pine) without the use of high power microscopy (Harris, 1991).
Identification, however, is achieved by the degree of dentelation that develops on the

inside of tracheids and the appearance of cross field pits.

P. radiata is comprised of three major cell types (tracheids, parenchyma and epithelial
cells), which are arranged into axial cells (longitudinal orientation and contribute to wood
strength) and ray cells (transverse orientation and involved in nutrient storage, transport
and wood swelling) (Figure 1.4). The axial cells consist primarily of tracheids and
account for 95% of P. radiata volume (Harris, 1991). In contrast, axial parenchyma cells
are sparse in P. radiata (Harris, 1991) so the bulk of parenchyma cells are contained in

the radially orientated wood ray cells.
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Figure 1.4: Block of softwood showing rays cells, resin ducts and the earlywood and latewood tracheids
(source Eriksson et al, 1990).

Tracheids of the earlywood and latewood vary in wall thickness. Tracheids formed
during the early spring (earlywood tracheids) are relatively large in diameter with thin
walls and function in water and nutrient transport. Latewood tracheids have thicker walls,
which are smaller in diameter, and contribute to wood strength. The contrast between
earlywood and latewood gives rises to the appearances of annual rings seen in a log cross
section (Harris, 1991). Sap flow in softwood tracheids occurs from cell to cell through
intertracheary-bordered pits. These pits are specialised openings in the radial sidewalls of

each tracheid.

Much of the parenchyma cells in the sapwood remain alive and are not lignified, acting as
a food store, mainly for starch as well as soluble sugars, proteins, peptides and amino
acids, lipids, nucleic acids and vitamins (Hudson, 1986). Once the tree is dead, these
provide nutrient substrates for a variety of fungi. Half bordered pits are present in cell

walls between axial tracheids and radially orientated parenchyma cells.

Resin canals are most frequent in the transition zone between earlywood and latewood
(Harris, 1991). Resin canals are found in most softwood species, and lie in both the radial

and axial direction. The resin canals are the source of resin exudation in freshly felled

11



trees. Resin canals consist of a central tube surrounded by short parenchyma cells. In the

living tree the parenchyma cells secrete resin into these canals at a considerable pressure.

Each wood cell is composed of various layers (Figure 1.5). The middle lamella and
primary wall forms the compound middle lamella, located between the secondary walls of
adjacent cells. The secondary wall has three layers designated S;, S; and S;. S, is the
outermost layer of the secondary wall, the middle layer is the S, region, which is usually

the largest, and the S; is located nearest the lumen (Eriksson et a/, 1990).

Figure 1.5: Structure of cell wall layers in tracheids (A) Tracheids, (B) cell wall layers, (C) arrangement of
lignin and carbohydrates in the secondary wall. ML: middle lamella; P: primary wall; S;, S,, S;: layers of
the secondary wall (source Eriksson et al, 1990).

P. radiata is comprised of 40% cellulose, 31% hemicellulose, 27% lignin and 2%
extractives (Uprichard, 1991). In P. radiata, as in other softwoods, cellulose is the
principle component of the wood cell wall. Cellulose microfibrils constitute the structural
framework of the tracheids and are surrounded and permeated by the cell wall matrix that
is composed of lignin and hemicellulose. Cellulose is a linear polymer of B-1,4-linked
anhydroglucose units.

The hemicelluloses are shorter chain  polysaccharides, such as the
arabinoglucuronoxylans, galactoglucomannans and arabinogalactans, which are

composed of simple sugar monomers or related acidic compounds. Hemicellulose
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surrounds the cellulose microfibrils and occupies spaces between fibrils (Eriksson et al,

1990). The distribution of hemicellulose parallels that of lignin within the wall.

Softwood lignin is a three dimensional, heterogeneous, high molecular weight polymer of
guaiacylpropane units. Although lignin contains hydroxyl groups, some of which are
linked to the polysaccharides, it is a hydrophobic compound that resists swelling of the
cell wall and provides rigidity to wood. Lignin is distributed throughout the secondary
wall and compound middle lamella, but the greatest concentration is in the middle lamella
(Eriksson et al, 1990).

The composition and distribution of P. radiata wood extractives often referred to as pitch,
have been studied extensively. The resin content is low in comparison with other Pinus
species, the main resin components being diterpene resin acids, fats, fatty acids, sterols
and phenols (Porter, 1969). Hemingway and Hillis (1971) studied the distribution of
these compounds and found that resin acids are concentrated in the inner heartwood,
whereas sapwood contained a higher proportion of fatty acid esters. The extractive
content increases considerably when sapwood is transformed to heartwood. In P. radiata,
the source of resins are in the axially and radially orientated resin canals (which produce
mainly resin acids) and the parenchyma cells (which produce the fatty acid esters,
unsaponifiable materials and also a trace amount of free fatty acids) (Uprichard, 1991).
The major resin acids in P. radiata are leuopimaric, palustric, pimaric, neoabietic and
abietic acids. Uprichard and Lloyd (1980) determined the relative amounts of fatty acids
(esters and free), resin acids, phenols and unsaponifiables in samples of sapwood and
heartwood (Table 1.1).

Table 1.1: Compounds (% of total extractives) in heartwood and sapwood of P. radiata (source Uprichard
and Lloyd, 1980).

Compounds Heartwood Sapwood
Fatty acids (free) 2 1
Fatty acids esters 11 41
Resin acids 71 41
Phenols 6 3
Unsaponifiables 10 14

Forest species in the Northern Hemisphere are dormant for several months of the year,
and their annual growth cycle associated with the build up of carbohydrates during

autumn and rapid depletion in late spring and summer when conditions favour growth. In
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contrast species such as P. radiata in New Zealand continue to grow throughout the year
and the non-structural carbohydrates show no seasonal variation (Cranswick et al, 1987).
Cranswick et al (1987) examined the seasonal variations of glucose, fructose, sucrose,
cyclitols, quinic acid, shikimic acid and starch using ethanol extracts of increment core
samples representative of one to four year old wood from 12 year old P. radiata trees and
showed that soluble carbohydrates and cyclitols were present in wood tissue. The relative
amounts of the soluble carbohydrate component isolated are given in Table 1.2. Starch
and sucrose comprised two-thirds of the carbohydrate component. The shikimic and

quinic acids are generally regarded as lignin precursors.

Table 1.2: Sugars, cyclitols and starches as a percentage of the total extractives of P. radiata (source
Cranswick et al, 1987).

Major components Compounds % of total
Monosaccharides Glucose, fructose 12.8
Cyclitols Myoinositol, sequoyitol, pinitol, and pinpoliitol 16.4
Acids Shikimic and quinic acids 3.0
Disaccharides Sucrose 343
Polysaccharides Starch 33.5

1.4.2 Wood fungi — moulds and decay

Although this thesis focuses on sapstain fungi, there is a range of other detrimental fungi
that interact with the sapstain fungi within the wood substrate. Wood fungi cause four
main types of damage — mould, sapstain, decay or soft rot. Figure 1.6 shows a drawing

of the effect of mould, sapstain, decay fungi and soft-rot on the wood cell wall.
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Figure 1.6: Effect of mould, sapstain, decay and soft rot on wood cell walls (source Butcher, 1974).
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1.4.2.1  Mould fungi

The mould fungi are a large group of saprophytes, mainly Ascomycetes or
Deuteromycetes.  The production of coloured conidia results in the superficial
discolouration of the wood that is generally of a woolly or powdery appearance (Butcher,
1974; Seifert, 1993). Mould fungi are also able to penetrate into the wood but as their
hyphae are colourless their presence can only be detected by microscopic examination
(Butcher, 1974).  The presence of some mould fungi increases the permeability of wood
allowing greater uptake of preservative chemicals but also greater reabsorption of water
and thus a more favourable moisture content for colonisation of other wood fungi
(Lindgren, 1952). They invade live wood more slowly than the sapstain fungi and prefer
sapwood in which the medullary food reserves are still high (Verral, 1939). Common
mould fungi isolated in New Zealand on wood include Alternaria alternata,
Aureobasidium pullulans, Epicoccum species, Trichoderma species, and Verticillium

species (Butcher and Drysdale, 1991).

1.4.2.2  Decay fungi

Decay fungi produce enzymes principally to enable them to utilise the components of the
wood cell wall, cellulose hemicellulose and lignin. Mechanical strength is lost when the
wood is colonised by decay fungi due to the degradation of cellulose and lignin. Three
basic types of decay are recognised; white rot, brown rot and soft rot, each taking its

name from the general appearance of decayed wood.

White rot fungi degrade cellulose, hemicellulose and most importantly the lignin
component of the wood cell wall. The residual wood is typically fibrous with a whitish
yellow to tan discolouration due to the removal of lignin. Most white rot fungi are
Basidiomycetes, possessing dikaryotic hyphae and clamp connections along the septate
hyphae. In contrast, brown rot fungi cause the extensive degradation of cellulose and
hemicellulose and the modification, but not degradation, of lignin. The residue of heavily
decayed wood (mainly modified lignin) easily crumbles and it is the inability of these
fungi to degrade lignin that distinguishes them from white rot fungi (Eaton and Hale,
1993). Brown rot fungi produce expanding bore holes that are visible under the light
microscope that assist in penetration into the axial cell system (tracheids) (Eriksson ef a/,
1990).
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The term soft rot describes the surface softening of wood attacked by lignolytic
Ascomycetes or Deuteromycetes. Soft rot decay results in wood of a spongy texture that
when dried has an appearance similar to that degraded by brown rot fungi (Dix and
Webster, 1995). Soft rot fungi are often described as primary colonisers of wood as they
attack wood with relatively high moisture contents. Soft rot is characterised by chains of
cavities in the S; cell wall layer. Fungal colonisation of the cell lumen is followed by the
production of fine penetration hyphae into the S, layer. The release of degradation
enzymes results in cavitation and localised loss of wood strength (Dix and Webster,
1995).

1.4.3 Sapstain fungi

Many fungi do not affect the integrity of the wood but may impart a discolouration or
stain in the sapwood. The stain may be superficial or penetrate deeply into the sapwood,
causing a stain that is blue, brown, red or a variety of colours. These fungi primarily
colonise the parenchyma cells and utilize stored nutrients. Hyphae pass from one cell to
another by growing through the pit membranes or directly through the cell wall. To
penetrate the cell wall, the hyphal tip forms specialised structures called transpressorium.
This constricted hyphae of small diameter moves into the wall and bores a hole through
all cell wall layers. Once it has reached the lumen of the adjacent cell, the hypha resumes

normal diameter.

Sapstain fungi are amongst the most economically important forest fungi and are
distributed across a wide range of wood species (both hardwood and soft wood).

Seifert (1993) described the sapstain of wood as being caused by three groups of fungi;

o Species of Ceratocystis, Ophiostoma and Ceratocystiopsis
e Black yeasts, such as Hormonema dematioides, Aureobasidium pullulans,
Rhinocladiella atrovirens and Phialophora species.

e Dark moulds, such as Alternaria alternata and Cladosporium species.

1.43.1  Fungal Melanin

Melanin is found in many fungi and is synthesised via at least four varieties of metabolic

pathways (Zimmerman et al, 1995). Fungal melanin is composed of high molecular

weight dark pigmented (generally black) phenolic polymers found in the cell walls of

spores, mycelium or fruit bodies (Bell and Wheeler, 1986). Melanin was proposed to
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provide protection against various environmental threats including desiccation, ultra
violet and visible light irradiation, fungicides and extremes of temperature (Bloomfield
and Alexander 1967; Brasier 1978; Bell and Wheeler, 1986).

1.4.3.1.1 Melanin production

In the Ascomycetes and related Deuteromycetes, the dark-brown to black melanin in cell
walls are generally synthesised via the pentaketide pathway and 1,8 dihydroxynaphthane
(DHN) is the immediate precursor of the polymer (Figure 1.7) (Bell and Wheeler 1986).
Aspergillus niger and most Basidiomycetes use other alternative pathways, possibly 3,4-
dihydoxyphenylalanine (DOPA), glutaminyl-3,4-dihydroxybenzene (GDHB) or catechol
(Wheeler, 1983).
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Figure 1.7: Pentaketide pathway of melanin biosynthesis for the Ascomycete fungi, Vertiticillium dahliae,
Pyricularia oryzae, and Thielaviopsis basicola. 1,3,6,8-THN = 1,3,6,8-tetrahydroxynaphthalene; 1,3,8-
THN = 1,3,8-trihydroxynaphthalene; DHN = 1,8-dihydroxynaphthalene (Source Wheeler, 1983).

The melanin of sapstain fungi was studied by electron microscopy and it was shown that
the hyphae of two sapstain fungi (C. coerulescens and A. alternata) had deposits of
melanin in the cell walls in the form of globular granules (Zink et a/, 1989). Zimmerman
et al (1995) found that O. piliferum produced melanin via DHN in penetaketide
biosynthesis. Research by Eagen et al (1996) found genes from A. alternata’s
pentaketide pathway. They used a heterologous probe to screen southern blots from other
sapstain fungi and detected the presence of homologous copies of the 4. alternata DHN
genes in the sapstain fungi, O. floccosum (Eagan et al, 1996). Further investigations by
Eagen et al (2001) and Wang et a/ (2001) isolated and characterised the OSD1, a gene
encoding scytalone dehydratase from O. floccosum.
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Studies by Zimmerman et al (1995) showed that O. piliferum did not need melanin for
growth and colonisation. Melanin however can influence survival and longevity, by
protecting the fungi from UV light and desiccation (Eagen et al, 1996). The role of
melanin has also been linked to enhancing competitive ability of the fungi (Zimmerman et
al, 1995). Melanin is also needed for perithecium production. Zimmerman et al (1995)
believed that melanin supports the development of elongated necks of the perithecium
and dissemination of the ascospore droplets. In the absence of melanin only immature
perithecia develop. After treatment with scytalone, a metabolite of the melanin pathway,
melanin 1s synthesised and full perithecia development occurs (see Section 6.3.3 for more

detail) (Zimmerman et al, 1995).

1.43.2  Historical background of sapstain research

Hartig, in 1878, was the first researcher to link discoloration of wood with darkly
pigmented fungal hyphae, but limited the cause of discolouration to one sapstain fungus
Ophiostoma piliferum (Seifert, 1993). In 1906, in North America, Hedgcock isolated O.
piliferum, O. pluriannulatum, O. minus and O. moniliformis from lumber (Seifert, 1993).
At around the same time in Europe, Miinch isolated O. piliferum, O. piceae, O. canum
and O. minus and demonstrated that they could discolour pine and spruce sapwood
(Seifert, 1993). It was not until the early years of the twentieth century with the
expansion of the forest and forest products industries that the economic importance of the
sapstain fungi became evident (Wingfield ef al, 1993). Much of the later work, especially
on the Ophiostoma species was limited to taxonomic identification rather than
consideration of the sapstaining quality of the fungi and an emphasis was placed

particularly on the pathogenic species of the Ophiostomataceae family (Table 1.3).

The most comprehensive investigations were done on the pathogenic species of
Ophiostoma and Ceratocystis — O. ulmi and O. novo-ulmi, the “Dutch Elm disease fungi”
and Ceratocystis fagacearum the “oak wilt fungus” from the United States. O. wlmi is a
weak pathogen on most European elm species, whereas O. novo-ulmi is characterised by
high mortality rates among native European elms (Brasier, 1986; Brasier, 1991). O.
novo-ulmi is further divided into two subgroups according to their respective geographical
distribution and named Eurasian (EAN) and North American (NAN) races (Binz and
Canevascini, 1996). There are also species of Ophiostoma that exhibit pathogenicity

toward humans, notably Sporothrix schenckii, a conidial fungus causing sporotrichosis
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that has been linked to Ophiostoma (Berbee and Taylor, 1992). These species will be

discussed along with the major groups causing sapstain in New Zealand in the sections

1.433t01.44.

Table 1.3: Some diseases caused by members of the Ophiostomataceae Family and their distribution

(source Wingfield et al, 1993).

Fungus Host Disease Distribution
Ceratocystis coerulescens Sugar maple Sap streak Northern USA
Ceratocystis fagacearum Red oak Oak wilt USA, Europe
Ceratocystis fimbriata Coffee Trunk rot S. America

Fig Canker Japan

Mango Wilt Brazil

Poplar Canker N. America, Europe

Rubber Mouldy rot Brazil

Sweet potato  Black rot E. Asia

Sycamore Canker Europe
Ceratocystis lariciola Larch Canker stain Europe
Ceratocystis paradoxa Citrus Soft rot India

Coconut Stem bleeding Asia

Pineapple Pineapple disease  Tropical

Sugar cane  Pineapple disease  Tropical
Leptographium wagenen Conifers Black stain N. America
Ophiostoma minus Pines Canker stain N. America
Ophiostoma montia Pines Canker stain N. America
Ophiostoma polonica Spruce Canker stain Europe
Ophiostoma ulmi/novo-ulmi Elms Dutch Eim Disease N. America, Europe, Asia, New Zealand
Sporothrix schenkii Humans Sporotrichosis Cosmopolitan
1.43.3 Taxonomy of sapstain fungi

Different concepts have been used to define fungal species. The morphological concept
is the classical approach, where units are defined on the basis of morphological features.
The biological concept uses classical genetics and emphasises gene exchange within
species. This concept can only be applied to sexual fungi. Modern methods including
molecular species-specific antibodies, DNA probes, physiological and biochemical tests,
secondary metabolites, fatty acid composition, have now been used in classification and

identification of species (Guarro et al, 1999).

1.4.3.3.1

The nomenclature of S. sapinea has been subject to considerable confusion. The fungus

Taxonomy of Sphaeropsis sapinea

over the last 150 years acquired at least 23 synonyms — Diplodia pinea was the most
popular (Swart et al, 1993). S. sapinea is an anamorphic Ascomycete. Its sexual state is
believed to be Botryosphaeria that belongs to the Loculoascomyctes, family

Botryosphaeriaceae.
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Species of Botryosphaeria are distributed in temperate and tropical climates worldwide.
The genus produces anamorphs placed in the form-genera Fusicoccum, Dothiorella,
Diplodia, Lasiodiplodia, Sphaeropsis and Phyllosticta (Jacobs and Rehner, 1998). The
teleomorph of Botryosphaeria is rarely encountered in nature, therefore the taxonomy of
the group is based primarily on characteristics of the anamorphs (Jacobs and Rehner,
1998). Species identification in Botryosphaeria is complicated because the taxonomy of
the anamorphs is confusing and some morphological characters believed to be
informative at the species level including conidial pigmentation, septation and stromata
morphology show extensive plasticity (Jacobs and Rehner, 1998). Fruiting structures of
two or three Botryosphaeria species were found together on a single host (Jacobs and
Rehner, 1998). Thus, identification of the Botryosphaeria species using teleomorph or

anamorph structures is not reliable for definitive species identification.

Botryosphaeria species form microscopic flask shaped fruiting bodies called pycnidia
(Figure 1.8). The inside layer of the pycnidial wall is covered with conidiophores or
conidiogenous cells releasing conidia into the centrum of the pycnidium which eventually
ooze out through the neck (Eaton and Hale, 1993).

More specific ecological information pertaining to S. sapinea especially in New Zealand

is provided in Section 1.4.4.1.

Figure 1.8: Sphaeropsis sapinea: A and B, pycnidium on needle and in longitudinal section; C and D,
conidia (source Lancaster, 1955).
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1.4.3.3.2 Taxonomy of the Ophiostomataceae Family

The taxonomy of the sapstain fungi belonging to the Ophiostoma species has been
subjected to many changes. An overview of the classification of the genus Ophiostoma
(including the asexual states) within the division Ascomycota (Kingdom: Fungi) is given
in Figure 1.9. Ophiostoma species belong to the class Pyrenomycetes, and the order
Ophiostomatales and the genus Ophiostoma, which comprise more than a hundred
species. The Ophiostomataceae family represents an artificial grouping of
morphologically similar genera, including Ophiostoma, Ceratocystis and

Ceratocystiopsis.

The term Ceratocystis sensu lato is commonly used to address the three genera
Ophiostoma, Ceratocystis sensu stricto, and Ceratocystiopsis. However, recent
comparison of ribosomal DNA sequences indicates that Ophiostoma and Ceratocystiopsis
are most likely synonyms, while Ophiostoma and Ceratocystis sensu stricto are only
distantly related. Excellent reviews of the taxonomic history of this group of fungi are
found in De Hoog (1974), De Hoog and Scheffer (1984) and Upadhyay (1993).

Division Ascomycota

Class Pyrenomycetes

Order Order
Microascales Ophiostomatales

Genus Ceratocystis Genus Ophiostoma

Graphium
Pesotum
Sporothrix
Leptographium

Figure 1.9: The classification of the genera Ophiostoma, including the Ophiostoma anamorphs Graphium,
Pesotum, Leptographium and Sporothrix within the division Ascomycota.
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Although morphologically similar, the members of the Ophiostomataceae family differ in
cell wall composition, anamorphs and cycloheximide sensitivity. Species of Ophiostoma
and Ceratocystiopsis form conidia through apical wall building (Minter et al, 1983,
Harrington, 1987). These species also contain cellulose, chitin and rhamnose in their cell
walls (Smith et al, 1967, Spencer and Gorin, 1971; Jewell, 1974) and are tolerant to high
concentrations of cycloheximide (Harrington, 1981). Ceratocystiopsis species are
ecologically and taxonomically related to Ophiostoma and are separated from the latter
primarily on the basis of their elongated ascospores with falcate sheaths (De Hoog and
Scheffer, 1984).

Ceratocystis species form conidia through a ring wall building process and are
characterised by the anamorph Chalara (Benade et al, 1995). The cell walls of
Ceratocystis species are composed primarily of chitin with no detectable cellulose or
rhamnose and like most eukaryotes, they are sensitive to low concentrations of
cycloheximide. Table 1.4 shows a summary of the major differences between

Ceratocystis species and Ophiostoma species.

Table 1.4: Non-molecular characteristics used to separate Ceratocystis species and Ophiostoma species.

Ceratocystis species Ophiostoma species
Enteroblastic anamorph Holoblastic anamorph
(De Hoog, 1974) (De Hoog, 1974)
Cycloheximide sensitive Cycloheximide resistance
(Harrington, 1981) (Harrington, 1981)
Cellulose absent in the cell wall Cellulose present in the cell wall
(Smith et al, 1967; Jewell, 1974) (Smith et al, 1967; Jewell, 1974)
Rhamnose absent in cell wall Rhamnose present in cell wall
(Spencer and Gorin, 1971; Weijman and De Hoog, 1975) (Spencer and Gorin, 1971; Weijman and De Hoog, 1975)
Young asci line periphery of inner perithecium Young asci produced from base of inner perithecium
(van Wyk et al, 1993) (van Wyk et al, 1993)

Through the development of molecular information on the Ophiostomataceae family it
has been possible to determine that Ceratocystis and Ophiostoma are phylogenetically
distinct (Spatafora and Blackwell, 1994). Based on partial sequences of the small subunit
ribosomal RNA it appears that Ceratocystis is phylogenetically best accommodated in the
Microascales and Ophiostoma in Diaporthiales (Berbee and Taylor, 1992; Spatafora and
Blackwell, 1994).

Viljoen ef al (2000) attempted to use computer-aided systematics to evaluate the
morphological characters of the Ophiostomataceae family. Analysis of equally weighted
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morphological characters of the Ophiostomataceae family produced tree topologies
similar to those from studies using molecular analysis. In addition, the data showed that
morphologically Ceratocystis species forms a distinct monophyletic group to Ophiostoma

and Ceratocystiopsis. Anamorph characters were important in distinguishing the different
groups.

1.4.3.3.3 Anamorphs

Mycologists have long used a system of classification that allows anamorphs to be named
separately from the holomorph of which they form a part. As a consequence many fungi
can have two different names. Identification of species in anamorph genera remains a
difficult problem. Without a sexual state, mating compatibility among strains cannot be
determined therefore reliance is on acceptable morphological variation and molecular
techniques to distinguish between species. Members of the Ophiostomataceae family
have anamorphs in a number of genera some of which are shown in Figure 1.10. The
taxonomy of these states is confused and controversial (Upadhyay and Kendrick, 1975;
Upadhyay, 1993). However, the anamorphs have directed the taxonomy of this group of
fungi (Samuels, 1993). The genus Ophiostoma is mainly associated with the anamorph
genera Graphium, Pesotum, Leptographium, Sporothrix, Hyalorchinocladiella, and
Hyalodendron (Upadhyay, 1993). The genera Sporothrix and Graphium commonly occur
in the same species of Ophiostoma. Besides the ascospores (sexual spores), Ophiostoma
species produce three different anamorph spore types: Graphium (Pesotum)-type spores,
Sporothrix (Cephalosporium)-type spores, and yeast-like spores. In contrast, the
Ceratocystis species produce one distinct anamorph, Chalara (Upadhyay, 1993).
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Figure 1.10: Structures common to Ophiostoma and Ceratocystis and their anamorphs (source Kairik,
1980; Wolfaardt et al, 1992).

1.4.3.3.4 Leptographium species.

The anamorph genus Leptographium includes both forest pathogens and species
commonly associated with sapstain of logs and lumber. Most species of Leptographium
are closely associated with insects, particularly bark beetles (Coleptera: Scolytidae) that
act as their vectors. The best-known plant pathogen is the black-stain root disease caused
by three varieties of Leptographium wageneri (Harrington and Cobb, 1987; Cobb, 1988).
Some Leptographium species are known anamorphs of Ophiostoma (Harrington, 1987).
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As in the case of Ophiostoma, Leptographium species are able to tolerate high
concentrations of cycloheximide (McCall and Merrill, 1980; Harrington, 1981).

Leptographium species are characterised by a darkly pigmented very wide single hyphal
stalk and which branches profusely at the apex (Kendrick, 1962). In L. procerum, a
conidiogenous apparatus of three to five series of branches terminates in the

conidiogenous that produce obovoid conidia with truncate ends (Kendrick, 1962)

The genus Leprographium has been associated with several different but morphologically
similar genera.  Verticicladiella and Phialocepaia, two genera described in the
Leptographium complex, were distinguished from Leptographium based on differences in
conidium development (Hughes, 1953; Kendrick, 1961; Kendrick, 1962). Subsequently,
a detailed scanning electron microscopic examination of conidial development in
Leptographium and Verticicladiella revealed that various species in these genera develop
both sympodially and percurrently (Wingfield, 1985), thus Verticicladiella was reduced
to synonymy with Leptographium.

1.4.3.3.5 Sporothrix species

In 1909, Hektoen and Perkins established the genus Sporothrix for the agent of human
sporotrichosis, S. schenckii (De Hoog, 1993).  Sporothrix species are characterised by
transparent cell walls, dehydrogenated coenzyme Q-10 systems and simple, central septal
pores (Suzuki and Nakase, 1986, De Hoog, 1993). They also produce elongated
conidiogenous cells that arise from undifferentiated hyphae. These cells terminate in
clusters of conidium-bearing denticles that extend sympodially and carry hyaline conidia
(De Hoog, 1974). Several Sporothrix species have rhamnose in their cell wall, a

characteristic they share with the Ophiostoma species (De Hoog, 1993).

1.4.3.3.6 Graphium/Pesotum species

Originally synnematous anamorphs of Ophiostoma species were placed in the genus
Graphium, though it is now thought that Graphium species are anamorphs of
Microascales (Okada er al, 1998). The genus name Pesotum is available for the
anamorphs of Ophiostoma (Harrington et al, 2001). Pesotum was based on the anamorph
of O. ulmi and was characterised by the synnematous anamorph as well as a Sporothrix

(Crane and Schoknecht, 1973). The genus Pesotum was used for all synnema forming
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species with affinities to Ophiostoma, even those with no Sporothrix anamorph (Okada et
al, 1998).

1.4.4 New Zealand sapstain fungi

Yeates (1924) after investigating sapstain of Podocarpus dacrydioides (white pine) for
the New Zealand State Forest Service also described sapstain as a problem on P. radiata.
Yeates found perithecia associated with sapstain in P. radiata from one site in Taranaki,
North Island, New Zealand. The species found were predominately members of the
Ophiostomataceae family (Yeates, 1924). Curtis (1926) first recorded S. sapinea in New
Zealand, from diseased shelterbelts in the Marlborough and Nelson districts. In 1932, the
State Forest Service was faced with a late winter and early spring epidemic of disease
covering large areas of its exotic forests of P. radiata (Birch, 1936) associated with S.
sapinea. From these accounts it is unsure when S. sapinea was first introduced into New

Zealand but it was widespread throughout the country by 1936 (Birch, 1936).

In the late 1960°s to 1980°s, two groups examined the causative agents of sapstain in New
Zealand (Butcher, 1968a; Hutchison and Reid, 1988a,b). Butcher (1968a) studied the
occurrence, distribution and development of sapstain and decay on posts of P. radiata at
two sites in the central North Island (Tahorakuri and Waipa). Hutchison and Reid
(1988a, b) sampled both native and exotic tree species from a few areas of the North
Island including Kaingaroa Forest and within the Auckland and Coromandel areas. The
organisms identified were as follows: Sphaeropsis sapinea, Sphaeronaemella fimicola,
Hyalopesotum pini, Ceratocystiopsis falcata, Ceratocystis piceaperdem, C. ips, C. novo-
zealandiae, C. piceae, C. coronata, C. rostrocoronata, C. pilifera and Leptographium
species (Hutchison and Reid, 1988a,b). These studies did not link organisms with their
overall New Zealand distribution nor their contribution to sapstain in P. radiata and other

New Zealand wood species.

Recently, a nationwide survey of New Zealand sapstain fungi identified the presence of S.
sapinea and members of the Ophiostomataceae genera (Farrell et al, 1997, Farrell et al,
1998, Kay et al, 1998). The members of the Ophiostomataceae included Ophiostoma,
Leptographium, Pesotum and Sporothrix. The sapstain species isolated and identified
from New Zealand during the first 15 months of the survey (September 1996 to
November 1997) are listed in Table 1.5 along with the known geographic range other than

New Zealand.
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Table 1.5: Ophiostoma species present in New Zealand and their known world distribution (adapted from
Kay et al, 1998).

Ophiostoma species present in New

Zealand Known geographic range other than New Zealand
Leptographium procerum North America, Europe, Asia, New Zealand (Wingfield et a/, 1988)
Leptographium truncatum North America, Europe, Asia, (Kaneko and Harrington, 1990)

Africa, New Zealand (Wingfield and Marasas, 1983)

North America (Olchowecki and Reid, 1974), New Zealand
(Hutchison and Reid, 1988a)

North America, Europe, New Zealand, Australia, Asia (Harrington
et al, 2001, Uzunovic et a/, 2000), Chile

Ophiostoma galeiformis™ Europe (Bakshi, 1951)

North America (Robinson-Jeffrey and Grinchenko, 1964), Europe
(Jacobs and Wingfield, 2001)

North America, Europe, Asia (Hunt, 1956), Africa (Wingfield and
Marasas, 1980), New Zealand (Hutchison and Reid, 1988a)
Ophiostoma nigrocarpum* North America (Raffa and Smalley, 1988a,b)

Europe, North America (Harrington et al/, 2001), New Zealand

Ophiostoma coronata

Ophiostoma floccosum*

Ophiostoma huntii*

Ophiostoma ips

Ophiostoma piceae (Hutchison and Reid, 1988a), Chile (Butin and Aquilar, 1984)

. - United States, Europe, (Hunt, 1956), Canada (Olchowecki and
Ophiostoma piliferum Reid, 1974), South America (Butin and Aquilar, 1984)
Ophiostoma pluriannulatum™ North America, Europe (Hunt, 1956)

Ophiostoma querci* gg(r)t% America, Europe, Africa, Asia, Australia (Harrington et al,

North America (Uzunovic et a/, 2000), New Zealand, Australia,

Ophiostoma setosum Chile (Harington et al, 2001)

Ophiostoma stenocerus™ North America (Griffen, 1968), Europe (Robak, 1932)
Sporothrix sp. A unknown
Sporothrnix sp. B unknown
Sporothrix sp. C unknown

* First reported in New Zealand.

1.4.4.1  Sphaeropsis sapinea in New Zealand

S. sapinea is an important opportunistic pathogen of P. radiata and other conifer species
and is associated with significant damage in exotic plantations in New Zealand, Australia
and South Africa. The majority of research on S. sapinea was dedicated to latent
infections caused by this fungus in living trees. In standing P. radiata, S. sapinea causes
bud-wilt, whorl cankers, stem depressions, shoot/leader dieback and crown wilt (Birch,
1936; Marks and Minko, 1969; Chou, 1976a, 1987).

S. sapinea also grows as a saprophyte in dead bark, wood, needles, cones and general
forest debris (Birch, 1936). Post-harvest infections of S. sapinea result in the formation
of visual sapstain (Birch 1936, Butcher 1967, Butcher 1968a). The widespread
distribution of S. sapinea in P. radiata plantations was attributed to prolific spore-

production and subsequent dissemination by means of wind and rain.

Until recently, only two morphotypes, A and B, were described for S. sapinea both

distinguishable based on the difference in cultural and conidial characteristics, as well as
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pathogenicity. Type A isolates were described as having fluffy white to grey-green
mycelia, smooth-walled conidia, lacking in microconidia, and as being pathogenic to both
wounded and unwounded hosts (Swart et al, 1991; Swart et al, 1993). In contrast, type B
isolates were described as having white to black closely appressed mycelia, pitted
conidia, producing microconidia and requiring a wound for infection (Swart et al, 1991,
Swart et al, 1993). The distinction between A and B morphotypes were confirmed using
random amplified polymorphic DNA (RAPD) markers (Smith and Stanosz, 1995; Stanosz
et al, 1996). Three morphotypes are now described for S. sapinea (de Wet et al, 2002).
A third group (C) was identified using RAPD markers in isolates from Indonesia and
Mexico (de Wet et al, 2000). Conidia of this group were significantly longer than those
of both A and B. Isolates of the C group were also found to be more virulent on seedlings
than the other two groups (de Wet ez al, 2002). Birch (1936) speculated that within New
Zealand there was a lack of variability within the S. sapinea population indicating the
presence of only a single strain. Subsequent reports showed uniformity among the New
Zealand isolates and conformity to the description of the A morphotype (Chou, 1976b;
Swart et al, 1993). Recent examination of the growth, cultural and conidial morphology,
carbon and nitrogen utilisation and pathogenicity of S. sapinea found significant
differences among New Zealand isolates (Kay et al/, 2002). This result differed from the
previous reports of Chou (1976b). Given the asexual nature of S. sapinea reproduction,
the differences between the level of morphological and cultural variability observed
suggested a re-introduction of S. sapinea, the spread of additional isolates or a shift in the
population (Kay et a/, 2002). The morphological and cultural features of several of the
New Zealand isolates were consistent with the known B and C types (Kay et al, 2002).
The presence of a species closely related to S. sapinea, Botryosphaeria species was
isolated from P. radiata standing trees in New Zealand (Harrington, personal

communication).

1.44.2  Ophiostoma species within the Ophiostoma piceae complex

The O. piceae complex is a monophyletic group of insect-dispersed ascomycetes with a
Pesotum anamorph and a Sporothrix anamorph that include O. piceae, O. setosum, O.
querci and O. floccosum isolated from New Zealand (Harrington et a/, 2001). The nine
recognised species within the O. piceae complex are delimited by synnema morphology,
growth rate at 32°C, mating reactions and the sequences of the internal transcribed spacer

(ITS) region of the rDNA operon (Harrington et a/, 2001).
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O. piceae was the oldest described species of this complex of morphologically similar
species and as a result much of the older literature (pre 1990) reporting on O. piceae is
firstly extensive and secondly suspect with regard to current species identification
(Harrington et al, 2001). The majority of the literature described O. piceae as a common
sapstain fungus found mainly on Pinaeceae hosts throughout Europe, North America and
Japan (Brasier and Kirk, 1993; Halmschlager et al, 1994; Pipe et al, 1995; Kim et al,
1999). In New Zealand, Butcher (1968b) recorded O. piceae on red beech (Nothofagus
fusca) and silver beech (Nothofagus menziesii) and also described it as a minor sapstain
species on P. radiata. The teleomorph and anamorphs of this species lack distinctive
features, which led to the proposal of numerous synonyms, all of which are now
described as distinct species (Harrington et al, 2001). Work done in past literature on
O. piceae as a sapstain fungus was difficult to interpret with the knowledge that

misidentification of the O. piceae complex was possible.

O. querci was first isolated from declining oaks in Europe and was treated by Hunt (1956)
as a synonym of O. piceae. Pipe et al (1995) described two distinct populations within O.
piceae, OPH and OPC, the former associated with oak decline and the latter isolated from
conifers. No clear difference in conidial size of the anamorph states could be obtained
(Halmschlager et al, 1994). Pryzbyl and Morelet (1993) studied morphological
differences between O. piceae and O. querci, and found that O. querci differs from O.
piceae in lengths of synnematal conidiogenous cells, perithecial necks, and ostiolar
hyphae. Other physiological and biochemical differences, as well as, a strong
reproductive isolation between OPH and OPC were also found (Brasier and Stephens,
1993; Halmschlager et al, 1994; Pipe et al, 1995). Molecular analysis using RAPD
markers could clearly distinguish unique bands for OPH and OPC (Halmschlager et al,
1994; Pipe et al, 1995). It was recommended that the name O. querci be reinstated for the
OPH strains (Pipe et al, 1995). O. querci appeared to be a widespread species and was
commonly found on conifers and hardwoods throughout Europe and North America
(Brasier and Kirk, 1993; Halmschlager et al, 1994; Pipe et al, 1995; Kim et al, 1999). O.
querci was isolated from P. radiata in New Zealand along with O. piceae (Farrell et al,
1998).

O. floccosum was originally isolated from Pinus species in Sweden (Mathiesen-Kaarik,
1960) Many studies described O. floccosum as being a synonym of O. piceae (Griffen,
1968; Przybyl and de Hoog, 1989), until recently when Harrington er a/ (2001) described
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it as a distinct species. O. floccosum was first described in New Zealand as a Graphium
species easily identified by its characteristic red brown synnema (Farrell er al, 1998). The

ITS sequence data for O. floccosum was similar to O. piceae (Harrington et al, 2001).

O. setosum and its anamorph Pesotum cupulatum were only recently described by
Uzunovic et al (2000) and Harrington et a/ (2001), respectively. This species is a
member of the O. piceae complex and can most easily be distinguished morphologically
from the other species of the complex by the dark, seta-like marginal hyphae on the
outside of the synnematous structure (Harrington ef a/, 2001). This species prefers cooler
temperatures for growth and perithecia production, and is probably native to the Pacific
Northwest of North America. This fungus was isolated from P. radiata in New Zealand
and California (Farrell et al, 1998; Harrington et al, 2001) as well as Tsuga species and
Psuedotsuga menziesii from Washington, USA (Harrington et al, 2001). Uzunovic et al
(2000) identified isolates from Picea, Pinus and Tsuga species from British Columbia,
Canada and Oregon, USA.

1.4.4.3  Ophiostoma species with only Sporothrix anamorphs

This group of fungi are characterised by mycelium composed of Sporothrix conidiophores
including the New Zealand isolates of O. piliferum, O. pluriannulatum and O. stenocerus.
A number of species are also included in this group where only a Sporothrix anamorph

was found in New Zealand and are named Sporothrix species D and X.

In 1878, Hartig assumed that all sapstain in wood particular from Europe was caused by
one species, O. piliferum (quoted in Seifert, 1993). O. piliferum, along with O. ips, was
one of the most common causes of sapstain in the United States (Seifert, 1993) and in
Canada this fungus occurred widely on both coniferous and deciduous tree species
(Olchowecki and Reid, 1974). Hutchison and Reid (1988a) believed that the Ophiostoma
species described by Yeates in 1924, was O. piliferum. O. piliferum produces superficial
perithecia on wood and agar, which develop rapidly in culture. The growth on agar is
first white with abundant aerial mycelium becoming brown to black (Griffen, 1968). O.
piliferum caused a brownish to black stain on all wood types tested by Hutchison and
Reid (1988a).

O. pluriannulatum was first described by Hedgcock from the United States on Quercus

species in 1906 (quoted in Seifert, 1993). Subsequent reports isolated this fungus from
30



Canada and Europe (Hunt, 1956). The perithecia are distinct as they may produce
annulations, which are multiple sets of ostioler hyphae and ascospore masses along the

length of the neck due to neck proliferation (Hausner et al, 1993).

Griffen (1968) considered O. stenocerus not to be an important sapstain fungus, however,
there was much speculation that the human pathogen Sporothrix schenckii may be the
anamorph of O. stenocerus (Summerbell et al, 1993). This fungus is homothallic and will
form abundant perithecia on malt yeast extract agar, with the perithecia forming distinct

concentric rings.

1.4.4.4  Ophiostoma species with Leptographium anamorphs

O. huntii was first described in Canada (Robinson-Jeffrey and Grinchenko, 1964). More
recently, O. huntii was isolated from many parts of the world (Jacobs et al, 1998). O.
huntii was found to be associated with several bark beetles, including H. ater (Harrington,
1988; Jacobs et al, 1998). This fungus produces distinct serpentine hyphae, which

distinguishes it from other Leptographium species.

Like many species of Ophiostoma, its anamorph Leptographium was shown to cause stain
on timber and logs. L. procerum and L. truncatum were isolated in New Zealand as
sapstain organisms (Farrell e al, 1998) and from roots of diseased pines (Wingfield and
Marasas, 1983; Wingfield and Gibbs, 1991).

L. procerum was isolated in Europe and North America associated with white pine
decline on Pinus strobus (Kendrick, 1962; McCall and Merrill, 1980; Wingfield et al,
1988). In the North Island of New Zealand, L. procerum was isolated from black stained
sapwood of dead and dying Pinus strobus tress in two separate forests (Shaw and Dick,
1980). The presence of L. procerum in New Zealand was likely due to its introduction
with either the bark beetles Hylastes ater or Hylurgus ligniperda (Wingfield and Gibbs,
1991). L. procerum is characterised by long conidiophores with two or three primary
branches on the stipe (Kendrick, 1962). L. procerum is also be recognised by its colonies
in which conidiophores are arranged to form dark concentric rings on the surface of malt

extract agar.

Wingfield and Marasas (1983) described L. truncatum from Pinus species in South Africa
and New Zealand. Strydom et al (1997) reduced L. truncatum to a synonym with L.
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lundbergii based on morphological features. Since L. truncatum was described from New
Zealand (Wingfield and Marasas, 1983) and no sequence comparisons were made
between L. truncatum and L. lundbergii, this thesis will continue with the use of the name
L. truncatum. 1t is easily distinguished from L. procerum by the absence of concentric

rings and aroma on malt extract agar.

1.4.4.5  Other Ophiostoma species identified in New Zealand

O. galeiformis was found on larch in Scotland (Bakshi, 1951) and in Sweden (Mathiesen-
Kairik, 1960). Reports of this fungus were rare, however, it was always associated with
bark beetle galleries. The anamorph exhibits a range of morphologies from a
Leptographium to a Pesotum with the synnema appearing to be a loose aggregation of the
Leptographium (Baskhi, 1951). Mathiesen-Kaarik (1960) described O. galeiformis as a
secondary stain fungus. This fungus produced a greyish blue discolouration, which was
severe on Scots pine but mild on spruce and very light or none at all on larch (Baskhi,
1951).

O. ips was one of the most common species isolated in New Zealand (Farrell et al, 1998).
Rumbold (1931) first isolated O. ips from Pinus species and this fungus was subsequently
reported in the United States, Japan, Europe (Hunt, 1956), South Africa (Wingfield and
Marasas, 1980), Canada (Olchowecki & Reid, 1974) and in New Zealand (Hutchison and
Reid, 1988a). O. ips was mainly associated with Scolytid bark beetles, and was believed
to be introduced into the Southern Hemisphere together with the bark beetle, Hylastes
ater (Wingfield and Marasas, 1980). There was much confusion over the placement of the
anamorphs of O. ips (Benade et al, 1995). Benade et al (1995) believed that the anamorph

of this fungus was best considered as a species of Hyalorhinocladiella.

O. ips was shown to be a minor pathogen of some tree species. Mathre (1964) studied the
pathogenicity of O. ips on small P. ponderosa trees and believed that the fungus allowed
the entry of air into the sapwood causing permanent breakage of the water columns.
Klepzig et al (1991) suggested that O. ips vectored by Ips pini caused the death of red

pine.

O. ips is easily distinguished by its brown colour, fast growth and ascocarps with
rectangular sheath (Hutchison and Reid, 1988a). Griffen (1968) found that O. ips

produced a severe and extremely blue-black discolouration in conifer sapwood and was
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almost always associated with bark beetles and other wood inhabiting insects. Hutchison
and Reid (1988a) noted that this fungus caused a brownish to black stain in a variety of
wood samples.

1.4.5 Ecological aspects of sapstain fungi

Ecology can be defined as the study of organisms in relation to their environment. There
are several ways of studying fungal ecology as stated by Dix and Webster (1995). The
autecological approach focuses on a given species and attempts to study its behaviour in
relation to its changing substratum and to external abiotic and biotic variables. Another
approach is to study the fungal communities, which develop on particular substratum. It
is also important to define what aspect of the relationship between the fungus and the
environment is being studied (Dix and Webster, 1995). Aspects that may be studied
include: distribution on a microscopic, macroscopic or geographical scale, presence or

absence of a fungus, or relative abundance of a particular species.

Beyond pure collection lists, there were few papers relating to the ecology and
distribution of sapstain fungi in forest ecosystems and processing sites. A small survey
was undertaken in Canada that identified the sapstain organisms present in a variety of
wood species of both timber and logs from different mill locations (Uzunovic ef al, 1999).
The most commonly encountered genus Ophiostoma was represented by nine species in
this survey and logs had a more diverse range of fungi than lumber. This study also
found that no one fungal species occurred exclusively in a particular region or wood

substrate (Uzunovic ef al, 1999).

The role of climate in the population dynamics of sapstain fungi requires more
comprehensive investigations. Findley (1959) stated that softwood species were more
susceptible to sapstain when harvested in Northern Hemisphere spring or summer than
when harvested in winter. According to Findley (1959), it was merely that sapstain fungi
do not attack wood during cold weather, and by the time warmer weather arrived, wood
that was harvested in winter was partly seasoned and so became less susceptible to attack.
In this context, Rogister (1955; quoted in Findley, 1959) carried out a series of
experiments on samples taken from Poplar trees harvested in different seasons of the year.
Logs harvested in March/April and in July showed the maximum susceptibility to L.
theobromae whereas logs cut in December, May and June were less infected by sapstain.

Trees harvested in autumn became susceptible to sapstain infection in the following
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February and March. Presumably, changes in the amount and nature of the reserve
materials in the living parenchyma cells of the wood were responsible for these variations
in susceptibility. The amount of starch that is stored in the parenchyma cells varies
according to season increasing steadily in the summer and decreasing in autumn (Sauter
and van Cleve, 1994).

Miller and Goodell (1981) found that severe sapstain developed on P. ponderosa stored
outdoors during late autumn, early winter in Oregon, U.S.A. Isolations made from the
wood identified O. piliferum as the cause of the stain. Further studies were conducted and
the results indicated that the isolate of O. piliferum caused degrading stain in solidly piled
pine sapwood lumber stored for one to two months at 3°C to 8°C (Miller and Goodell,
1981).

Much of the ecological information on sapstain fungi worldwide was incidental to
taxonomic studies or to investigations of control methods. Other studies on the ecology of
sapstain fungi to date are mainly concerned with dissemination of sapstain fungi and their

relationships with insects.

1.4.6 Dissemination of sapstain fungi

The dissemination of thousands of spores from one sporing head under optimal conditions
is an important factor in the establishment of successful infection and colonisation (Eaton
and Hale, 1993). Spores germinate when the environmental conditions, for example,
temperature, pH, and moisture levels are suitable for growth and when the nutritional
status of the substratum will support fungal growth (Eaton and Hale, 1993).

The sapstain fungi that cause post-harvest deterioration can gain access to the wood in
several different ways. The most studied means of dissemination of spores is by insect
vectors. Spores are the major agent of infection, but logs in contact with soil or logs
stacked in close proximity to each other may be infected by the spread of mycelium
(Eaton and Hale, 1993).

1.4.6.1 Wind and rain
It was first thought that air currents played a major role in infection of sapstain on freshly
harvested wood (Findley, 1959). The air in the timber yards and mills were thought to

contain large numbers of fungal spores, as well as, fragments of mycelium from the dust
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produced during sawing of infected logs (Bjorkman, 1946, Mathiesen-Kaarik, 1955).
Dowding (1969), however, studied various experimental approaches to examine dispersal
in dry air, mist and splash droplets of the conidia of O. piceae, O. piliferum, O. minus and
C. coerulescens. It was found that both mist laden air and splash droplets would dislodge
and disseminate spores easily, whereas, dry air was completely ineffective in causing

conidium dispersal.

Gregory et al (1959) showed that raindrops falling at terminal velocity and drops falling
more slowly from vegetation could disperse fungal spores. Splash from rain could act as
a complete dispersal mechanism in still air or as a “take off” mechanism leading to

dispersal of fungal spores by wind.

The biology and ecology of S. sapinea is different from that of the Ophiostoma species.
Pycnidia of S. sapinea develop on dead pine needles and forest litter (Swart and
Wingfield, 1987). Conidia are released in the presence of moisture and are disseminated
by rain splash and wind (Brookhouser and Peterson, 1971; Swart and Wingfield, 1987).
Feci et al (2002) studied the relationship between S. sapinea and the cone bug Gastrodes
grossipes in Pinus nigra in Italy. They found a high frequency of insects carrying conidia

of S. sapinea and implied a role for G. grossipes as a disseminating agent of this fungus.

1.4.6.2  Insect dispersal and interactions

Bark beetles play an important role in disseminating spores of Ophiostoma in standing
trees, as well as, in logs and timber. The relationship between fungi and insects however,
remains uncertain. Clearly the fungus benefits by being dispersed and the fruiting
structures of the Ophiostoma are obvious adaptations for insect dispersal (Harrington,
1993). However, benefits to the beetle are less clear (Harrington, 1993). Most authors
support the notion that beetles and fungi are mutualistic symbionts (Harrington, 1993).
Both fungi and bark beetles can exist and develop normally without each other but they

are almost always found together in nature (Griffen, 1968).

Ophiostoma species are well adapted for insect dispersal, possessing evanescent asci and
spores with sticky sheaths that collect in gelatinous masses at the apex of perithecial
necks. The spores of Ophiostoma are most commonly dispersed as they adhere to the
exoskelton of bark beetles or as they are eaten and passed through the digestive tract

(Harrington, 1993). Some beetles have special fungus carrying structures, mycangia,
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which are typically simple pits or pockets in the exoskelton (Livingston and Berryman,
1972; Levieux et al, 1989).

Two types of exotic bark beetles, Hylastes ater and Hylurgus ligniperda, which are native
to Europe, occur on seedlings and stumps of mature P. radiata in New Zealand. They
undergo maturation feeding on healthy pine seedlings and thus can cause serious damage
(Reay and Walsh, 2001). Reay ef a/ (2002) undertook the first comprehensive survey of
fungi associated with the bark beetles, H. ater and H. ligniperda, in New Zealand. H.
ater was shown conclusively to be a vector of sapstain fungi in second rotation P. radiata
forests (Reay et al, 2002). Table 1.6 shows the sapstain fungi isolated from H. ater and
from seedlings following attack by H. ater. O. huntii and Leptographium species were
thought to have become established in New Zealand due to their association with H. ater
or H. ligniperda (Wingfield and Gibbs, 1991; Jacobs et al, 1998).

Table 1.6: Sapstain fungi isolated from Hylastes ater and seedling following attack of Hylastes ater in New
Zealand (source Reay ez al, 2001).

Sapstain fungi isolated from
Sapstain fungi isolated from H. ater seedlings following attack by H. ater

L. procerum L. procerum
L. truncatum L. truncatum
O. galeiformis O. floccosum
O. huntii O. galeiformis
0. ips O. huntii
O. pluriannulatum O. piceae
0. querci 0. querci
0. setosum O. setosum

Bark beetles have been the most studied insect vectors of sapstain fungi, but the casual
association between other wood inhabiting insects has also been reported. Fungus
feeding and predatory diptera, beetles, mites and other small animals are active in bark
beetle galleries and may also be important vectors of Ophiostoma species (Bridges and
Moser, 1983; Moser, 1985). Mites and other microfauna frequently feed upon
Ophiostoma species and may ensure dissemination through this activity (Leach et al,
1934).
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2 General materials and methods

2.1 Fungal isolates

All sapstain fungi used and reported in this thesis were collected from either the survey

of New Zealand sapstain fungi conducted by the University of Waikato, the export trials

or the biological control trials as part of this thesis research. Table 2.1 gives the strain

number, origin, site of isolation in New Zealand and the date of isolation of the sapstain

species used in this thesis.

Table 2.1: Details of isolates of sapstain fungi used in thesis.

Strain Date
Species number*  Origin Site in New Zealand isolated
Alternarnia alternata 11 (S) General Debris Warkworth, North Island 25/9/96
L. procerum 417 (S) Felled log Riverhead Forest, North Island 6/05/97
L. procerum 446 (S) Felled log Mahurangi Forest, North Island 22/05/97
L. procerum 1852 (S) Felled log Whitford Forest, North island 29/01/98
L. truncatum J404 (O) Hylurgus sp. (beetle)  Kinleith Forest, North Island 156/3/01
L. truncatum J6%6 (O)  Stump Kinleith Forest, North Island 15/3/01
O. coronata 431 (S) Felled log Mahurangi Forest, North Island 28/05/97
O. coronata 868 (S) Felled log Mahurangi Forest, North Island 20/06/97
O. floccosum 68 (S) Felled log Kinleith Forest, North Island 21/10/96
0. floccosum 148 (S) General sampling Hanmer Springs, South Island 23/01/97
O. floccosum J2004 (ET) Felled log Kinleith Forest, North Island 31/08/01
O. galeiformis 413 (S) Felled log Riverhead Forest, North Island 5/05/97
O. galeiformis 832 (S) Felled log Whitford Forest, North Island 9/07/97
O. huntii 474 (S) Felled log Tauranga, North Island 15/05/97
O. huntii 903 (S) Pinus taeda, felled log Tarawera Forest, North Island 26/06/97
0. ips 424 (S) Felled log Northland, North Island 22/05/97
0. ips 1024 (S) Felled log Mahurangi Forest, North Island 1/08/97
0. ips P36 (S) Felled log Kinleith Forest, North Island 12/01/00
O. nigrocarpum 929 (S) Pinus taeda felled log Tarawera Forest, North Island 26/06/97
O. piceae 144 (S) Needles Hanmer Springs, South Island 6/03/97
O. piceae 174 (S) Timber Greymouth, South Island 18/12/97
O. piceae 1566 (S) Felled log Kaingaroa Forest, North Island 7/08/97
O. pluniannulatum 151 (S) General sampling Abel Tasman National Park, South Island 30/01/97
O. pluriannulatum 847 (S) Pinus taeda felled log  Tarawera Forest, North Island 26/06/97
O. pluniannulatum 962 (S) Eucalyptus sp. log Northland, North Island 19/06/97
O. querci 162 (S) Eucalyptus sp. chip Kawerau, North Island 13/02/97
O. querci 1688 (S) Felled log Whitford Forest, North Island 30/01/98
O. setosum 670 (S) Felled log Tauranga, North Island 14/05/97
O. setosum J1785 (BC) Felled log Kinleith Forest, North Island 9/05/01
O. stenocerus 930 (S) Branch Northland, North Island 1/07/97
S. sapinea D4 (S) Cone Dome Forest, North Island 26/09/96
S. sapinea D33 (S) Knot, felled log Tauranga, North Island 8/12/96
S. sapinea D35 (S) Live tree Kinleith Forest, North Island 13/12/96

*the letter in parenthesis represents source of sample — S = Survey, O = other, ET = Export Trial, BC = Biological

Control Trial.
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In addition three cultures of common wood moulds were obtained from the Horticultural
and Food Research Institute of New Zealand Ltd. (Hort Research), Ruakura Research
Centre, Hamilton, New Zealand. They included Epicoccum nigrum (E125),
Cladosporium cladosporioides (no strain number) and 7richoderma koningi ( MTM). A
number of albino strains were also used in experimental work in this thesis research and

these strains will be described in Chapter 6.

2.2 Media

The follow media were used in this thesis:

Malt extract agar (1.5% unless otherwise stated) — 1.5% malt extract (Becton
Dickinson and Company, USA), and 2.0% agar (Germantown, New Zealand) in

distilled water.

Malt extract broth- 1.5% malt extract (Becton Dickinson and Company, USA) in

distilled water.

Malt yeast extract agar — 0.2% yeast extract (Becton Dickinson and Company,

USA), 1.5% malt extract, and 2.0% agar in distilled water.

Media 4 - 0.2% yeast extract, 1.5% malt extract, 2.0% agar, 200mg/L
chloramphenicol (Applichem, Germany) and 100mg/L streptomycin sulphate
(Applichem, Darmstadt) in distilled water.

Media 6 - 0.2% yeast extract, 1.5% malt extract, 2.0% agar, 200mg/L
chloramphenicol, 100mg/L streptomycin sulphate and 400mg/L of the antibiotic
cycloheximide (Sigma, USA) in distilled water.

All media were sterilised by autoclaving for 20 minutes at 121°C. The antibiotic
chloramphenicol was added prior to autoclaving, but streptomycin sulphate and
cycloheximide were filter sterilised after the medium was autoclaved and cooled to

50°C.
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2.3 Collection of sapstain fungi

Sapstain fungi were isolated from field environments as described in Chapter 3, 4, S, and
6. Fungi were collected from a variety of sources including forest debris, logs, timber,
wood chips and seedlings. Samples were collected and placed in clean resealable plastic
bags and processed as soon as possible to reduce colonisation by aggressive, secondary
fungi. Indirect isolations were made after surface sterilization, by soaking specimens in
5% hypochlorite for one minute and rinsing twice in sterile water at room temperature,
slivers were then taken aseptically with a sterile scalpel. Slivers were placed on two
selective media (Media 4 and Media 6) both media contain malt yeast extract agar but
supplemented with antibiotics. Media 4 was supplemented with chloramphenicol to
provide as broad-spectrum antibiotic and streptomycin sulphate as antibiotic effective
against many gram negative and gram positive bacteria (Seifert ef al, 1993). Media 4
allowed for the growth of all sapstain fungi as well as many other fungi. Media 6 was
identical to Media 4 but contained the antibiotic cycloheximide. Ophiostoma species are
cycloheximide resistant (Harrington, 1981) unlike S. sapinea and many other wood

inhabiting or contaminating fungi.

The plates were incubated in a darkened growth chamber at 25°C for between 4 and 21
days. Any resulting cultures were aseptically transferred onto fresh plates of malt
extract agar or onto Media 4 or Media 6 if the original plate contained masses of other

contaminating fungi.

Spores of the Ophiostoma species were collected under a dissecting microscope (Nikon
SM 7800) from either the resulting perithecia or synnema using a sterilized needle and
transferred to a fresh plate. As Ophiostoma species grow in close proximity, isolations
were made from single fruiting structures to ensure homogeneity (Seifert et al, 1993).
Cultures suspected of being sapstain fungi but not producing fruiting structures were
transferred from the agar containing the mycelial outgrowth, with a sterile scalpel onto
fresh media. Plates were incubated at 25°C and clean subcultures were prepared for

identification (Section 2.4) and storage (Section 2.6).

2.4 Identification of sapstain fungi
Pure cultures of sapstain fungi were obtained from field samples as described in Section
23. The cultures were identified using morphological features, however if the

morphological characteristics of an unknown sapstain fungi were different to species
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previously seen, mating capabilities and molecular analysis was performed. Unknown
Ophiostoma species were sent to Doug McNew and Tom Harrington at Iowa State

University for molecular analysis as part of FRST UOW 803 programme.

2.4.1 Identification of Sphaeropsis sapinea

Cultures suspected of being S. sapinea were incubated with P. radiata needles. Fresh
green needles were collected from a 10 year old P. radiata tree and autoclaved prior to
use. The needles were placed in a 90mm Petri dish containing the suspected culture of
S. sapinea and the plate was maintained under ultraviolet light at ambient temperature
for up to 14 days. Sterile water (SmL) was placed on the plate containing the needles,
after ten minutes the needles were examined microscopically for the presence of

pycnidia and subsequent spore release.

2.4.2 Identification of Ophiostoma species

Cultures of Ophiostomataceaec were identified on the basis of morphological and
physiological characters into putative species. Molecular characterisations, particularly
DNA sequences of the internal transcribed spacer regions of ribosomal DNA
(Harrington et al, 2001) and mating capabilities with tester strains were used to confirm

unknown Ophiostoma species identifications.

2.4.2.1 Morphological Identification

Morphological and physiological characters (Table 2.2, Table 2.3 and Table 2.4) were
determined from cultures grown on malt extract agar at room temperature for between 7
and 14 days.

Table 2.2: Distinguishing characteristics for Ophiostoma species with only Sporothrix anamorphs.

Perithecia Mycelium with
with Ramo- Colour of concentric  Culture
Species annulations conidia  protoperithecia rings" aroma”
O. piliferumn No Common Grey to black No Mushroom
O. pluriannulatum Yes Common Light brown to grey Rare No
O. coronata No Common Light brown to grey Most isolates No
O. stenocerus No Rare Not seen Yes No

:Concentric rings of aerial mycelium, microconidiophores and conidia on malt extract agar
Smell on malt extract agar.
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Table 2.3: Distinguishing characteristics for Ophiostoma species with only Leptographium or Pesotum
anamorphs.

Mycelium
with

Leptographium Pesotum Leptographium Serpentine Perithecia concentric Culture
Species only only to Pesotum hyphae in culture rings‘ aroma”
L. procerum Yes No No No No Yes Sweet
L. truncatum Yes No No Yes No No None
O. galeiformis No No Yes No Rare No None
0. huntii Yes No No Yes Yes No None
0. ips No Yes No No Yes No None
P. fragans No Yes No No No Yes Sweet

®Concentric rings of aerial mycelium, microconidiophores and conidia on malt extract agar
®Smell on malt extract agar.

Table 2.4: Distinguishing characteristics for species in the Ophiostoma piceae complex (Adapted from
Harrington et al, 2001).

Knobs Mycelium

Colour of on Cupulate Synnema with Growth

synnema synnema synnema conidial Colour of concentric Culture (mm)at
Species stipe stipe apex mass protoperithecia rings® aroma® 32°C°
O. piceae  Dark-brown No No White  Dark-brown Rare None 0
O. floccosum Red-brown  Yes No Yellow Dark-brown No None 1-5
O. setosum Dark-brown No Yes White Not seen  Most isolates Sweet 0
Q. querci  Dark-brown No No White _ Light brown Most isolates Nutty 5-10

*Concentric rings of aerial mycelium, microconidiophores and conidia on malt extract agar.

®Smell on malt extract agar.

°Extent of radial growth on malt extract agar after 7 days at 32°C.

24.2.2 Temperature growth assays

Temperature growth assays were used to distinguish O. querci from O. piceae. O.
piceae was unable to grow at 32°C where as O. querci was capable of growth (Table
2.4) (Brasier and Stephens, 1993; Wulf and Kowalski, 1994; Harrington et al, 2001).

Isolates were grown at 32°C on malt extract agar for seven days. The presence or

absence of growth was noted.

2.4.2.3  Sexual Compatibility

For heterothallic Ophiostoma species, identification was often confirmed by sexual
compatibility. To determine the sexual compatibility type, isolates were paired in all
combinations on malt extract agar. Mycelial inocula of 2-3mm diameter were placed
2cm apart in the centre of the plate and incubated at room temperature. Perithecia
formed where the two colonies met if the compatible mating type was crossed (Brasier
and Kirk, 1993; Seifert et al, 1993). This took two to seven weeks and mating was

considered successful if perithecia developed that exuded fertile ascospores.
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2.5 Culture conditions

Isolates of sapstain fungi that were in constant use were maintained on agar plates, either
1.5% malt extract agar or malt yeast extract agar. Liquid cultures were prepared from
actively growing cultures on agar plates. Cores were taken from the edge of the colony
and transferred aseptically to 10 mL of malt yeast extract broth in a 30ml glass screw top
bottle (Universal bottle). This pre-inoculum was then used to transfer fungal biomass to
the inoculation medium. Inoculation medium contained SOmL of malt yeast extract
broth in 250mL flasks. For larger scale inoculations to provide fungi for use in field
trials, the contents of a 10mL universal starter culture were transferred to 2000mL flasks
containing 1000mL of malt yeast extract broth. All flasks were incubated in a shaking
incubator (Gallenkamp Orbital Incubator) at 25°C, at 125rpm, overnight for Universal
flasks and three days for the 250mL and 2000mL flasks. Cultures destined for field
trials were centrifuged at 25, 482g (Beckman Model J2-21M Induction Drive Centrifuge
with a JA-10 rotor) for 20 minutes and the resulting supernant removed. The pellet
containing mycelium and spores was resuspended in 100mM Tris-HCl pH 7 to the

required spore concentration.

2.6 Storage of sapstain isolates

Sapstain fungi were stored in 20% glycerol at —70°C (Sanyo Ultralow Freezer) in the
mycological culture collection at the University of Waikato, Hamilton, New Zealand.
Universal flasks containing malt yeast liquid medium were inoculated with the sapstain
fungal culture and incubated in a shaking incubator (Gallenkamp Orbital Incubator) at
25°C for two days. 800uL of inoculum were placed in sterile 1.5mL Eppendorf tubes
with 200uL glycerol (sterilised by autoclaving for 20 minutes at 121°C), vortexed to
distribute the glycerol and then stored at —70°C (Sanyo Ultralow Freezer).

2.7 Determination of fungal biomass

Two methods of fungal biomass estimation were used: haemocytometer spore counts
and fungal biomass dry weight. Spore counts using a haemocytometer under a light
microscope were used for Ophiostoma species as these fungi produced mostly spores in
liquid culture. Approximately 10uL of cell suspension was transferred onto the
haemocytometer and a cover slip was placed on top. All cells in 5 sub-squares of the 25
squares making up the Imm centre square were counted. The optimum dilution for the

counting was 10-20 cells per square. Each 1 mm square of the haemocytometer with the
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coverslip in place represents a total volume of 0.lmm’ or 10*cm’. Therefore the total
number of spores per mL is obtained using the following equation: number of cells x 5 x
10

For fungal cultures that produced a higher proportion of hyphae the determination of
biomass was measured from the dry weight. The dry weight of a liquid fungal culture
was obtained by filtering on pre-weighed filters (Whatman filter paper #4) the mycelia
of a known volume of culture. Filters containing mycelia were then dried to constant

weight in an oven at 80°C.

2.8 Freeze drying

Cultures were grown in liquid medium (see Section 2.4), and subsequently centrifuged
to remove the liquid media. The resulting cell paste was spread onto stainless steel trays
and immediately placed into a -20°C freezer for one to three days. The frozen cell paste
was dried in a Cuddon 1015 Fumigation freeze dryer at The Meat Industry Research
Institute of New Zealand (MIRINZ), Ruakura Research Centre, Hamilton, New Zealand.
The dried fungal product was put into vacuum sealed plastic bags with approximately

100gm dry weight fungus per bag and stored at —20°C until required.

2.9 Wood Specimens

All logs and wood used in this thesis for laboratory work and field trials with the
exception of samples collected in Chapter 3 were P. radiata D. Don obtained from the
Kinleith Forest, North Island, New Zealand unless otherwise stated. The trees were first

generation P. radiata from the “850” series and originated from open pollinated seed.

2.9.1 Moisture Content analysis

The moisture content of wood samples was determined using the following equation:

Moisture content (% ) _ original weight — oven dried weight x 100

oven dried weight
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3 Ecology and distribution of sapstain fungi in New
Zealand

3.1 Introduction

A nationwide survey from 1996 to 1998 of New Zealand sapstain fungi identified the
presence of S. sapinea, thirteen known Ophiostoma species and a number of undefined
species of Ophiostoma (Farrell et al, 1997, Farrell et al, 1998). Information on this
survey was presented as preliminary reports at symposia (Farrell e al, 1997; Farrell et
al, 1998). These reports included lists of the sapstain species found at the time of their
publication but no specific information on the ecology and distribution of each species
within New Zealand. The data collected in this survey was evaluated as part of this
thesis research according to ecological criteria including geographical and temporal
distribution and is presented in this chapter. The data presented is the first attempt in
New Zealand to link the sapstain organisms identified in New Zealand with their overall
distribution within sectors of the forest industry, in different wood species and in
different types of wood samples as well as to understand preferences for specific species
to occupy these niches. The information generated by this survey and this thesis research
is of significant benefit to the forest industry in New Zealand. In addition to the
fundamental knowledge gained in this study of the major causes of sapstain, an
understanding of the factors that influence sapstain populations also provides valuable

information to help develop more effective control measures.

In this chapter, the hypothesis, major aims and objectives are presented first. This
chapter provides methods and materials, results and discussion on the ecology of
sapstain fungi in New Zealand with emphasis on the occurrence and distribution
according to geographical distribution, different sectors of the forestry environment,

different wood products and temporal distribution.

3.2 Hypothesis, Aims and Objectives

The hypothesis of this part of the thesis research as presented in this chapter was that the
sapstain fungi of New Zealand would be preferentially found in accordance with one or
more of the following criteria: geographical distribution, different sectors of the forest

industry, different wood species, wood sources and season.
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The major aim was to examine the distribution in New Zealand of sapstain fungi. The
objectives were to compare the diversity of species found in different geographical
regions of New Zealand, with an emphasis on forests, processing plants, and ports. The
distribution of sapstain fungi in different wood species and wood products was
investigated. Finally the relationships between sapstain fungi and temporal distributions

were addressed.

3.3 Materials and Methods
3.3.1 Collection of survey data

A two-year survey, extending from Southern Hemisphere spring 1996 to winter 1998,
was conducted throughout the North and South Island of New Zealand. The PhD
candidate participated in this survey while a Master of Science candidate. A total of
1035 different sites were sampled. Variables in the sampling for the survey included
different geographical locations, different sites within the forest environment (mills,
ports, and plantations), different sample types (wood chips, general forest debris, logs,
plywood, and timber), different seasons and different wood species. Samples were
taken in winter (June, July, August), spring (September, October, November), summer
(December, January, February), and autumn (March, April, May) for the period between
spring 1996 and winter 1998. About 95% of the sampling was carried out at P. radiata
plantation sites and the rest at native forest or non-radiata plantation sites. P. radiata
sites included nurseries, forest plantations, urban areas, farms, mills, and ports. Some
sites were re-sampled at different times of the year however the majority of sites were

only sampled once during the survey.

From each site, one or more of the following methods were used to collect samples.
Branches, twigs, needles, cones and wood were collected from the forest floor and bark,
green needles and sapwood from the standing tree were sampled. Where possible, bark
and sapwood samples from pruned or wounded areas of the tree were also taken.
Samples from recently felled trees were obtained from cross section discs at least 50mm
in length including both the sapwood and bark. Wood chips, timber and plywood
samples were also taken. All samples were placed in clean plastic bags, sealed and used
for culture isolations. The methods of culture isolation and identification of sapstain

species can be found Chapter 2 (Section 2.3 and 2.4). The data obtained in the survey of
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New Zealand sapstain fungi was analysed as part of the candidate’s doctoral research
according to the following categories:
e Geographical distribution within New Zealand (Figure 3.1).
e Forestry location (P. radiata plantations, processing sites, ports, non-radiata
plantations, native forests and other).
e Wood source (general forest debris, wood chips, logs, plywood, seedlings,
timber).
e Temporal distribution.
e Wood species.

B Northland

Kaingaroa Forest
Nelson Area

Figure 3.1: Map of New Zealand showing the geographical locations as defined for the survey.

3.3.2 Data analysis of survey of New Zealand sapstain fungi

The presence or absence of a species was recorded at each site. The occurrence of a
species at a site was scored as a single record, regardless of the number of times it was
isolated from that particular site or the number of colonies developed on the two media
types. The proportion of individual species was recorded according to the different

geographical locations, forestry location, wood source and seasons.
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The following three aspects of biodiversity were evaluated; richness (S), diversity (H)

and dominance. Richness was estimated as the number of different species isolated from

each distinct group of sites (Lumley ef a/, 2001). Species diversity was calculated using

the Shannon-Weaver index. The index was calculated using the following formula:
H=3°P;InP;

Where S is the richness and P; the portion of the total sample represented by species i.
Dominance in the sapstain fungal community was judged using Carmargo’s index (1/S)
(Camargo, 1993) where S again represented species richness and the dominant species

have the relative abundance P; > 1/S (Camargo, 1993).

3.4 Results and Discussion

3.4.1 Isolation of sapstain fungi

A total of 1035 sites were sampled during the study and a total of 1755 independent
isolates of S. sapinea or Ophiostoma species were obtained. The proportions of each
species and the dominant species according to Carmargo’s index found in New Zealand
are shown in Table 3.1. S. sapinea was the most commonly found fungus in this survey
isolated from 54% of sites sampled within New Zealand. The most dominant
Ophiostoma species included O. ips, O. floccosum, O. piliferum, L. procerum and O.
querci. Q. piceae, O. setosum and O. huntii were isolated from between 2 and 5% of
sites. The least common species isolated from less than 2% of sites included O.
coronata, O. galeiformis, O. pluriannulatum, O. stenocerus, L. truncatum, Sporothrix

species D, O. nigrocarpum and Pesotum fragans.

The number of individual sapstain species at a site ranged from no isolations of either S.
sapinea or members of the Ophiostomataceae family in 204 sites to ten different species
of fungi found in one particular site (P. radiata wood chips from a pulp and paper mill in
the summer period of 1997/1998). A total of 746 sites had between one and three

individual species of fungi isolated at the site.

47



Table 3.1: S. sapinea and species of Ophiostoma isolated from New Zealand sites.

Percentage
of sites in
which this

species was

S. sapinea and Ophiostoma species Frequency found
L. procerum 83" 8.0
L. truncatum 3 0.3
O. coronata 14 1.4
O. floccosum 218° 21.1
O. galeiformis 12 1.2
O. huntii 33 32
0. ips 299* 28.9
O. nigrocarpum 2 0.2
O. piceae 52 5.0
O. piliferum 146° 14.1
O. pluriannulatum 10 1.0
O. querci 80? 7.8
O. setosum 52 5.0
O. stenocerus 3 03
Pesotum fragans 1 0.1
S. sapinea 562° 54.3
Sporothrix sp. D 2 0.2

* Dominant species according to Carmargo’s index where species is considered dominant if P; > 1/S.

The dominant sapstain fungi in New Zealand were identified as S. sapinea and members
of the Ophiostomataceae. The sapstain fungi previously reported in New Zealand and
also isolated from this survey include O. piceae (Butcher, 1968a), S. sapinea (Birch,
1936), L. truncatum (Wingfield and Marasas, 1983), L. procerum (Shaw and Dick,
1980), O. piliferum (Hutchison and Reid, 1988a), and O. ips, (Hutchison and Reid,
1988a). The other eleven Ophiostoma species isolated in this survey had never been

previously reported in New Zealand.

At the time this survey data was collected it was believed that only one member of the
Botryosphaeria genus, S. sapinea was in New Zealand (Birch, 1936; Butcher, 1967,
Chou, 1976a; Farrell et al, 1998). Recently, an unidentified Botryosphaeria species was
found as an endophyte in P. radiata trees from Kinleith Forest. This fungus was
distinguished from S. sapinea by the ability to produce pycnidia on agar media in
contrast to only on cones and needles (Harrington, personal communication). In this
1996 — 1998 survey, therefore, it is uncertain whether some of the so-identified S.
sapinea isolates might be Botryosphaeria species and not correctly identified.  This
chapter will continue to refer to S. sapinea isolates as S. sapinea but with the note that

some isolates may in fact be the related Botryosphaeria species.
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Twelve strains of S. sapinea isolated from the survey data and used in Kay ez a/ (2002)
were re-identified following the discovery of Botryosphaeria species in New Zealand.
The isolates were also analysed by Mike Wingfield and colleagues at the University of
Pretoria, Pretoria, South Africa to identify the specific morphotype of each S. sapinea
isolate. Table 3.2 shows the re-identification and the results of morphotype analysis of
the twelve isolates of S. sapinea. Two isolates previously described as S. sapinea were
subsequently identified as Botryosphaeria species. All the S. sapinea isolates were of the
type A morphotype. Type A isolates were described as having fluffy white to grey-
green mycelia, smooth-walled conidia, lacking in microconidia, and as being pathogenic

to both wounded and unwounded hosts (Swart et al, 1991, Swart et al, 1993).

Table 3.2: Re-identification of S. sapinea strains used in Kay et al (2002).

Strain

number Waikato

from Kay et University Date

al (2001) number Location Sample type collected Re-identification
HR88 D4 Dome Forest walkway, Northland P. radiata cone 21/09/96 S. sapinea type A
HR115 D1 Mautauri Bay, Northland P. radiata needles 17/09/86 S. sapinea type A
HR117 D12 Lake Taupo, Central North Island P. radiata sapwood 28/10/96 S. sapinea type A
HR118 D16 Kaiaua, Coromandel Populus spp. branch 9/10/96 S. sapinea type A
HR119 D19 Motueka Valley, Nelson P. radiata needles 11/10/96 Botryosphaenia sp.
HR120 D21 Queenstown, South Island P. radiata twig 15/10/96 S. sapinea type A
HR121 D30 Kaingaroa, Central North Island Pseudotsuga menziesiitwig 5/11/96 S. sapinea type A
HR122 D27 Kinleith, Central North Island P. radiata sapwood 16/10/96 S. sapinea type A
HR123 D33 Kinleith, Central North Island P. radiata sapwood 10/02/97 S. sapinea type A
HR152 D22 Hamilton, Central North Island P. radiata cone 7/10/96 S. sapinea type A
HR329 D5 Mautauri Bay, Northland P. radiata sapwood 27/09/96 S. sapinea type A
HR330 D6 Apori Forest, Northland P. radiata sapwood 27/09/97 Botryosphaeria sp.

Both mating types of O. piceae and O. querci were identified in the survey and were
widely geographically distributed. O. piceae and O. querci have both been isolated from
P. radiata and in some cases the same pieces of P. radiata wood. Their co-occurrence
on P. radiata differs from reports from the North Hemisphere where O. piceae is more
common on conifers and O. querci on hardwoods (Brasier and Kirk, 1993). New

Zealand O. querci was also isolated from Eucalyptus species and Pinus taeda.

One isolate of an unknown Ophiostoma species with a Sporothrix anamorph was
isolated and subsequently named Sporothrix species D. This isolates would not mate
with other Ophiostoma species isolated from New Zealand or from other fungal
collections that produce only the Sporothrix anamorph (O. pluriannulatum, O. piliferum,

O. coronata, O. nigrocarpum and O. stenocerus).
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All the O. coronata isolates found in this survey failed to mate with Northern
Hemisphere cultures of O. coronata. For convenience in this thesis the name O.
coronata was kept but the name Ophiostoma species E is a more accurate representation
of this species. Isolates of Ophiostoma species E were found on logs and timber in
Canada (Uzunovic et al, 1999a) and were able to mate with our isolates of O. coronata

(Harrington, personal communication).

Pesotum fragans was previously undescribed from New Zealand and isolated only once
in this survey. This species was reported by Mathiesen-Kéirik in Sweden from Ips
sexdentatus gallery in a P. sylvestris log (Okada et al, 1998). ITS sequence analysis
supports the inclusion of this species as Ophiostoma species (Harrington et al, 2001).

Some species reported in the literature isolated from New Zealand (Hutchison and Reid,
1988a, b) were not found in this survey and these species included: Sphaeronaemella
fimicola, Ceratocystiopsis falcate, Ceratocystis piceaperdem, C. novae-zelandiae, C.
rostrocoronata and Hyalopesotum pini. Hyalopesotum pini described by Hutchison and
Reid (1988b) is a synonym of O. galeiformis (Harrington, personal communication).
Through pairings, ITS sequence analysis and morphological features of an isolate of
Ceratocystis novae-zelandiae (Hutchison and Reid, 1988a), Harrington (Personal
communication) concluded this fungus was a synonym of O. pluriannulatum. Hutchison
and Reid (1988a) described Ceratocystis piceaperdem from New Zealand and this
species is morphologically very similar to O. huntii, but is homothallic while O. huntii is
heterothallic. O. piceaperdem was not isolated in this survey of New Zealand sapstain
fungi however it is thought that Hutchison and Reid (1988a) could have misidentified
this species, unfortunately their cultures are unavailable to examine (Harrington,

personal communication).

A total of 183 independent isolates of Ophiostoma species were not identified, as they
were unable to be subcultured from original plates without contamination. However,
they all showed recognisable features of the Ophiostomataceae: Graphium,
Leptographium (Ophiostoma anamorphs) or perithecia (Ophiostoma teleomorphs) and in

the majority of cases they showed the ability to grow on cycloheximide.

Various moulds belonging to the genera Alternaria, Aspergillus, Rhizopus, Penicillium,

Cladosporium, Geotrichum, Verticillium, Fusarium, Epicoccum, Pestalotia, and
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; BUT were not identified to species Ievel. Dowding
described these species as causing surface discolouration, invading the wood more
slowly than the Ophiostoma species and preferring dead sapwood with high food

reserves.

3.4.2 Species diversity indices

The frequency and percentages of isolation of S. sapinea and the total Ophiostoma
species were calculated from the survey data. Percentages of more than 100 were
obtained as more than one species of fungus was often isolated within a site. Species
diversity is a common used parameter, which measures variation in species assemblages
within a given community (Miller, 1995). There are a number of indices to estimate
fungal species diversity including: Simpson, Shannon and Mclntosh indices (Miller,
1995). The Shannon Index was chosen for this work as it was commonly used for
fungal studies (Uzunovic et al, 1999a; Lumley et a/, 2001). Within the Shannon Index a
measure of richness was calculated, which represents the number of species within a
site. Richness measurements are affected by the number of samples taken therefore all
statistical analysis in this chapter relating to dominance and diversity were not entirely
independent of the effect of sample size (Camargo, 1993). Dominance in the sapstain
fungal community was judged using Carmargo’s index (1/S) (Camargo, 1993) where S
again represented species richness and the dominant species have the relative abundance

P;> 1/S (Camargo, 1993).

3.4.3 Geographical distribution

Table 3.3 shows the frequency and percentage of isolations of S. sapinea and total
Ophiostoma species found in the different geographical areas of New Zealand for the
survey period. Ophiostoma species were found in high proportions in the Auckland,
Coromandel, Kaingaroa, Kinleith and Northland areas. Higher amounts of S. sapinea
than Ophiostoma species were isolated from sites in the South Island and the
Central/Lower North Island areas. Areas of New Zealand with a high proportion of
plantation forests (Auckland, Kaingaroa, Kinleith and Northland) had the highest
diversity, richness and higher numbers of dominant species compared to other areas of

New Zealand.
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Table 3.3: The total number of isolates of S. sapinea and Ophiostoma species (percentage in parentheses)
and diversity data from different geographical locations.

Akl C/LNI __ Coro Kga Kin Nel Nthid Sl _Tga Total

s.sapinea  221(67.8) 36(70.6) 71(74.0) 30(50.0) 103(36.1) 16(30.8) 37(64.9) 31(70.5) 17(266) 562
I;m'o.m 446 (136.8) 15(29.4) 96 (100) 119(198.3) 368 (129) 35(67.3) 62(108.8) 14 (31.8) 39(60.9) 1193
isolates

Total
sapstain 667 51 167 149 471 51 99 45 56 1755
isolates
Total sites
samples 326 51 96 60 285 52 57 44 64 1035
Richness 15 8 10 12 14 7 12 8 8 17
Diversity 265 1.12 1.87 3.30 2.56 1.73 2.54 117 1.73 2.63
Dominant S. sapinea S. sapinea S. sapinea O. piceae O. piceae S. sapinea S. sapinea S. sapinea S. sapinea
specles” 0. ips 0. ips O. querci O. querci 0. ips O. ips O. floccosum

O. floccosum O. setosum  S. sapinea O. floccosum

O. piliferum S. sapinea O. ips O. piliferum

L. procerum O. ips O. floccosum L. procerum

O. floccosum O. piliferum
O. piliferum

Akl: Auckland area, C/LNI: Central/ Lower North Island, Coro: Coromandel, Kga: Kaingaroa Forest, Kin: Kinleith
Forest, Nel: Nelson, Nthld: Northland, SI: South Island, Tga: Tauranga. * Dominant according to Carmargo’s index.

This project resulted in the first large-scale detailed survey of sapstain fungi across New
Zealand. This study showed conclusively the following:
1. There were no obvious differences in sapstain fungal species from different
geographical locations throughout the North and South Islands of New Zealand.
2. Richness and diversity were greatest in areas of New Zealand with plantation

forestry.

3.4.4 Distribution in different forestry environments

The frequency and percentages of positive isolations of Ophiostoma species and S.
sapinea for different forestry environments, processing sites and other areas are shown
in Table 3.4. Non-radiata plantations (any exotic plantation not including P. radiata)
had approximately equal amounts of Ophiostoma species to S. sapinea. More
Ophiostoma species were found compared to S. sapinea in P. radiata plantations and
processing sites (including ports). Native forests and others areas (including nurseries,

urban and farm areas) had relatively high proportions of S. sapinea.

The richness and diversity of species were greatest in sites that were related to the forest
industry (P. radiata and non-P. radiata plantations and processing site). A number of
dominant fungi were isolated from P. radiata plantations and processing sites including
S. sapinea and Ophiostoma species. Members of the O. piceae complex (O. piceae, O.

querci, O. floccosum and O. setosum) as well as S. sapinea and O. ips were dominant at
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processing sites. In P. radiata plantation sites O. piliferum, L. procerum, O. floccosum,

0. ips and S. sapinea were dominant.

Table 3.4: The total number of isolates of S. sapinea and Ophiostoma species (percentage in parentheses)

and diversity data from location type.

Processing Native Non-radiata P. radiata
sites Forest plantation Other Port plantation Total
S. sapinea 59 (40.1) 14(58.3) 15(62.5) 22 (55.0) 12 (21.4) 440 (59.1) 562
;‘;‘::’I Ophlostoma 207 (140.8) 2(8.3) 16 (66.7) 15(37.5) 33(58.9) 920(123.7) 1193
Total sapstain 266 16 31 37 45 1360 1755
isolates
Total sites samples 147 24 24 40 56 744 1035
Richness 12 3 10 9 8 16 17
Diversity 2.76 0.58 2.04 1.49 1.52 2.62 263
Dominant species* O. piceas S. sapinea  S. sapinea  S. sapinea S. sapinea S. sapinea
O. querci 0. ips O. floccosum O. floccosum
O. setosum 0. ips
S. sapinea O. pilifsrum
O. ips L. procerum
Q. floccosum

* Dominant according to Carmargo’s index.

Native forest areas had the lowest diversity (0.58) and there were only three species
isolated with S. sapinea as a dominant fungus. Again as discussed in Section 3.5.2, the
lack of vectors of sapstain fungi could be the reason for the low diversity in native
forests. This finding has great relevance to biosecurity concerns for New Zealand native

forest and bush areas.

3.4.5 Distribution in various wood products

Table 3.8 shows the number and percentages of positive isolations of S. sapinea and
Ophiostoma species from general forest sampling, seedling and other wood products. S.
sapinea was more prominent in the general forest samplings (needles, cones and other
forest debris) than the Ophiostoma species. Logs, timber, wood chips and plywood all
had more Ophiostoma species than S. sapinea. Diversity was greatest in logs, timber
and wood chips. Richness was greatest in logs, general forest samples and wood chips.
Wood chips had the largest number of dominant species with nine species including S.
sapinea and Ophiostoma species. S. sapinea was dominant in all sample types except

seedlings, which had no dominant sapstain fungi.
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Table 3.5: The total number of isolates of S. sapinea and Ophiostoma species (percentage in parentheses)
and diversity data from different sample types.

General
) forest
. Wood chips samples Logs _ Plywood Seedlings Timber Total
.?, tsaalpén;a. . 6 (35.3) 126 (72.4) 411 (52.5) 3(30.0) 14(298) 562
o iostoma
isolatesp 49(288.2) 88(506) 1013(129.4) 3(750) 1(10.0) 39(83.0) 1193
Total sapstain
isolates 55 214 1424 4 53
Total sites
samples 17 174 783 10 47
Richness 11 12 16 2 7
Diversity 3.76 1.75 2.69 0.59 1.96
Dominant species* O. piceae  S. sapinea  O. querci S. sapinea No dominant S. sapinea
O. querci  O. floccosum S. sapinea species O. ips
O. setosum O. ips O. floccosum
O. ips O. piliferum
S. sapinea O. floccosum
O. floccosum L. procerum
O. huntii
L. procerum
L. truncatum
O. piliferum

* Dominant according to Carmargo’s index.

The spores of S. sapinea are associated with cones and needles (Palmer et al, 1988) that
are found more commonly on the forest floor. S. sapinea sporulates prolifically on
cones, after they have opened and discharged seeds (Peterson, 1977, Chou, 1984). The
inoculum produced on these retained cones plays an important role in the survival of the
fungus. The conidia produced on these cones may infect current year shoots and also the
second year seed cones. The inoculum density of S. sapinea is higher therefore in the
forest environment. The total incidence of Ophiostoma species was found to be higher
in P. radiata plantations, at processing sites and ports, as well as in wood chips, timber
and logs than S. sapinea. The sticky spores on the synemma and perithecial stalks of
Ophiostoma species, are disseminated by wind and insect vectors, and are commonly
found on logs and timber (Dowding, 1970). The insect vectors, particularly the bark
beetles are found both in logs and stumps (Reay and Walsh, 2001). Insect and wind
increases the spread of Ophiostoma species from logs processing sites and ports,

therefore more inoculum potential for Ophiostoma species should occur at these sites.

3.4.6 Temporal Distribution
Table 3.6 represents the frequency and percentage of isolates of S. sapinea and total
Ophiostoma species found in the different seasons of this survey. S. sapinea was

slightly more prevalent in spring and summer than winter and autumn. Proportions of
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Ophiostoma are higher in the autumn and winter than in spring and summer. Richness

and diversity were greatest in Winter 1997 with values of 14 and 3.32 respectively.

Table 3.6: The total number of isolates of S. sapinea and Ophiostoma species (percentage in parentheses)
and diversity data from different seasons.

Spring  Summer Summer Total
96 96/97 Autumn 97 Winter 97 Spring 97 97/98 Autumn 98 Winter 98

S. sapinea 37(69.8) 65 (75.6) 70 (45.8) 79 (53.4) 81(63.8) 139(57.0) 79(40.3) 12(429) 562
Total
Ophiostoma 18 (34.0) 34 (39.5) 161(105.2) 257 (173.6) 123(96.9) 212 (86.9) 355 (181.1) 33 (117.9) 1193
isolates
Total
sapstain 55 99 231 336 204 351 434 45 1755
i”mite
Total sites
samples 53 86 163 148 127 244 198 28 1035
Richness 9 11 11 14 12 11 11 4 17
Diversity 1.32 1.37 2.41 3.32 235 217 248 1.28 2.63
Dominant S. sapinea S. sapinea  O. setosum O. piceae S. sapinea S. sapinea O.querci  S. sapinea
species® O. floccosum  S. sapinea O. querci 0. ips 0. ips S. sapinea 0. ips

O. ips O. setosum  O. floccosum O. floccosum 0. ips

O. floccosum  S. sapinea  O. piliferum  O. piliferum  O. floccosum
0. ips L. procerum L. procerum  O. piliferum

O. floccosum

O. piliferum

O. huntii

L. procerum

O. coronata

* Dominant according to Carmargo’s index.

S. sapinea was found more in spring and summer than total Ophiostoma species, while
Ophiostoma species were more abundant in the autumn and winter months (March to

August).

Reay et al (2002) described the significant relationship between sub-lethal attack of
seedlings by the introduced bark beetle Hylastes ater and the invasion by many sapstain
fungi. The flight activity of H. ater is predominantly in the autumn months in New
Zealand (Reay and Walsh, 2001). The relationship between the presence of the greater
numbers of Ophiostoma species in autumn and the flight activity of H. ater maybe
related and needs further investigation. The increased diversity and richness of sapstain
fungi in areas of New Zealand with major plantations could also be attributed to the
spread of Ophiostoma species by the bark beetle H. ater. H. ater was suggested as the
mechanism by which a number of species of sapstain fungi were introduced to New
Zealand (Wingfield and Gibbs, 1991; Jacobs et al, 1998). H. ater is predominately a
vector in second rotation forests since the insects nest in stumps produced by harvesting
(Reay et al, 2002), therefore areas with first rotation plantation are unaffected or

minimally affected by this bark beetle.

55



Brookhouser and Peterson (1971) described the dissemination of S. sapinea spores only
during periods of rainfall and at an optimum temperature of 24°C for germination. In
this survey there were more isolations of S. sapinea in spring and summer but this
fungus was also isolated in the winter and autumn. Swart and Wingfield (1991) found
that spring was the most infectious time for S. sapinea into pruning wounds, relating to

higher temperatures prevailing after periods of maximum rainfall.

3.4.7 Wood species
Every species of sapstain fungi isolated in New Zealand was found on P. radiata but

only some of the species of sapstain fungi were found on native and other exotic wood
types (Table 3.7).

Table 3.7 Sapstain species isolated from wood species tested.

Sapstain species Wood species

L. procerum Pinus radiata, Pinus taeda
L. truncatum Pinus radiata
O. coronata Pinus radiata
O. floccosum Pinus radiata
O. galeiformis Pinus radiata
O. huntii Pinus radiata, Pinus taeda
0. ips Acer negundo (Box elder), Pinus radiata, Pinus taeda
O. nigrocarpum Pinus radiata, Pinus taeda
O. piceae Pinus radiata
O. piliferum Liriodendron tulipifera, Pinus radiata, Pinus taeda
. Eucalyptus sp., Pinus radiata, Pinus taeda, Nothofagus solandri var.
O. pluriannulatum - <20 (Black beech) ¢
0. querci Eucalyptus sp., Pinus radiata, Pseudotsuga menziesii (Douglas fir)
O. setosum Pinus radiata, Pinus taeda, Pseudotsuga menziesii (Douglas fir)
O. stenocerus Pinus radiata

Pesotum fragans Pinus radiata
Acer negundo (Box elder), Cordyline australis (Cabbage tree),
S. sapinea/ Pseudotsuga menziesii (Douglas fir), Eucalyptus sp., Lirodendron
Botryosphaeria sp. tulipifera, Cypressus lusitanica, Pinus maritima, Populus species, P.
radiata, Chamaecyparis lawsonia, Magnolia grandifiora

Sporothrix sp. D Pinus radiata

Investigations within New Zealand, into the causes of sapstain have mainly been
associated with exotic. softwoods, particularly P. radiata (Butcher, 1968a). O.
pluriannulatum was isolated from this survey on Black beech (Nothofagus solandri var.
solandri). Butcher (1968b) isolated O. piceae from red beech and silver beech.
Hutchison and Reid (1988a) found O. coronata on Eucalyptus species, and O. piceae
from Dacrydium cupressinum (Rimu), Eucalyptus species and Douglas fir.
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The presence of S. sapinea on a number of hardwoods was unexpected as this fungus is
predominately found on coniferous species (Peterson, 1977). As previously mentioned
S. sapinea may have been misidentified in this survey. It is therefore uncertain whether
the isolation of S. sapinea from the hardwood species was in fact Botryosphaeria

species. Botryosphaeria species commonly occur on hardwood species (Jacobs and
Rehner, 1998).

Each individual type of sapstain species was isolated from P. radiata. Whether these
fungi were brought to New Zealand on this wood species or on bark beetles now
associated with P. radiata is unsure. Either way, all of the sapstain fungi have adapted

to P. radiata wood as their niche and major nutrient source in New Zealand.
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The following descriptions describe the ecological data pertaining to each individual
Ophiostoma species and S. sapinea. These include findings on the geographical
distribution, temporal occurrence, distribution at different locations, within the different
sample types and on specific wood species. This is the first time these species have been
described in New Zealand in this detail regarding ecological niche. Others in the location

category include urban areas and nurseries.

Ophiostoma species within the O. piceae complex
O. floccosum (Figure 3.2)

Occurrence: Auckland, Central North Island, Coromandel, Kaingaroa, Kinleith, Nelson,
Northland, South Island, Tauranga

Season: Autumn, Spring, Summer, Winter

Location: Processing sites, Others, Port, P. radiata plantations

Sample type: Wood chips, General debris samplings, Logs, Timber

Wood species: P. radiata

Figure 3.2: Synnemata of O. floccosum A= 50X magnification; B=400X magnification.

O. piceae

Occurrence: Auckland, Central North Island, Coromandel, Kaingaroa, Kinleith, Nelson,
Northland, South Island, Tauranga

Season: Autumn, Spring, Summer, Winter

Location: Processing sites, Native forests, Non-radiata plantations, Others, Port, P.
radiata plantations

Sample type: Wood chips, General debris samplings, Logs, Timber

Wood species: P. radiata
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O. querci (Figure 3.3)

Occurrence: Auckland, Central North Island, Coromandel, Kaingaroa, Kinleith, Nelson,
Northland, South Island, Tauranga

Season: Autumn, Spring, Summer, Winter

Location: Processing sites, Non-radiata plantations, Others, Port, P. radiata plantations
Sample type: Wood chips, General debris samplings, Logs, Plywood, Timber

Wood species: Douglas fir (Pseudotsuga menziesii), P. radiata, Eucalyptus sp.

Figure 3.3: Synnemata of O. querci 400X magnification
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O. setosum (Figure 3.4)

Occurrence: Auckland, Central North Island, Coromandel, Kaingaroa, Kinleith, Nelson,
Northland, South Island, Tauranga

Season: Autumn, Spring, Summer, Winter
Location: Processing sites, Non-radiata plantations, Others, Port, P. radiata plantations

Sample type: Wood chips, General debris samplings, Logs, Plywood, timber
Wood species: Douglas fir (Pseudotsuga menziesii), P. radiata, P. taeda

Figure 3.4: Cupulated synnemata of O. sefosum A= 400X magnification; B =20X magnification

Species with Pesotum anamorph only
Pesotum fragans

Occurrence: Kinleith

Season: Spring

Location: Processing sites

Sample type: Wood chips
Wood species: P. radiata
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Ophiostoma species with Sporothrix anamorphs and Sporothrix species

0. piliferum

Occurrence: Auckland, Central North Island, Coromandel, Kaingaroa, Kinleith, Nelson,
Northland, Tauranga.

Season: Autumn, Spring, Summer, Winter

Location: Processing sites, Non-radiata plantations, Others, Port, P. radiata plantations
Sample type: Wood chips, General debris samplings, Logs, Timber

Wood species: Liriodendron tulipifera, P. radiata, P. taeda

O. pluriannulatum (Figure 3.5)

Occurrence: Auckland, Kaingaroa, Kinleith, South Island

Season: Autumn, Summer, Winter

Location: Processing sites, Native forest, Non-radiata plantations, P. radiata plantations
Sample type: General debris samplings, Logs

Wood species: Eucalyptus sp., P. radiata, P. taeda, Black beech (Nothofagus solandri
var. solandri)

Figure 3.5: Apex of perithecia of O. pluriannulatum (400X) showing annulations and conidia release at
tip.

61



O. coronata (Ophiostoma species E)

Occurrence: Auckland, Kinleith, Northland

Season: Autumn, Spring, Winter

Location: Others, P. radiata plantations

Sample type: General debris samplings, Seedlings, Logs
Wood species: P. radiata

0. stenocerus

Occurrence: Central North Island, Kinleith, Northland
Season: Spring, Summer

Location: Others, P. radiata plantations

Sample type: General debris samplings, Logs

Wood species: P. radiata,

Sporothrix species D

Occurrence: Auckland

Season: Winter

Location: P. radiata plantations
Sample type: Logs

Wood species: P. radiata

O. nigrocarpum

Occurrence: Auckland, Kaingaroa

Season: Autumn, Winter

Location: P. radiata plantations, Non-radiata plantation
Sample type: Logs

Wood species: P. radiata, P. taeda
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L. procerum (Figure 3.6)

Occurrence: Auckland, Central North Island, Coromandel, Kaingaroa, Kinleith,
Northland, South Island, Tauranga

Season: Autumn, Spring, Summer, Winter
Location: Processing site, Non-radiata plantations, Others, P. radiata plantations

Sample type: Wood chips, general debris samplings, Logs, Timber
Wood species: P. radiata, P. taeda

Figure 3.6: The Leprographium structure of L. procerum under 400X magnification.

L. truncatum

Occurrence: Auckland, Kaingaroa

Season: Spring, Winter

Location: Processing sites, P. radiata plantations
Sample type: Wood chips, Logs

Wood species: P. radiata
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O. huntii (Figure 3.7)

Occurrence: Auckland, Coromandel, Kaingaroa, Kinleith, Northland, South Island,
Tauranga

Season: Autumn, Spring, Summer, Winter

Location: Processing sites, Non-radiata plantations, Port, P. radiata plantations

Sample type: Wood chips, General debris samplings, Logs, Plywood

Wood species: P. radiata, P. taeda

Figure 3.7: O. huntii showing characteristic serpentine hyphae under 100X magnification.

Other groups of Ophiostoma species
0. ips

Occurrence: Auckland, Central North Island, Coromandel, Kaingaroa, Kinleith, Nelson,
Northland, Tauranga

Season: Autumn, Spring, Summer, Winter

Location: Processing sites, Non-radiata plantations, Port, P. radiata plantations

Sample type: Wood chips, General debris samplings, Logs, Timber

Wood species: Box elder (Acer negundo), P. radiata, P. taeda
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0. galeiformis (Figure 3.8)

Occurrence: Auckland, Coromandel, Kinleith, Northland
Season: Autumn, Spring, Summer, Winter

Location: P. radiata plantations

Sample type: Logs.

Wood species: P. radiata

Figure 3.8: Pesotum anamorph structure of O. galeiformis under 400X magnification.
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S. sapinea/Botryosphaeria species (Figure 3.9)

Occurrence: Auckland, Central North Island, Coromandel, Kaingaroa, Kinleith, Nelson,
Northland, South Island, Tauranga

Season: Autumn, Spring, Summer, Winter

Location: Processing sites, Native, Non-radiata plantations, Others, Port, P. radiata

plantations

?mg)le type: Wood chips, General debris samplings, Logs, Plywood, Seedlings,
imber

Wood species: Box elder (4cer negundo), cabbage tree (Cordyline australis), Douglas

fir (Pseudotsuga menziesii), Eucalyptus species, Liriodendron tulipifera, Cypressus

lusitanica, Pinus maritima, Populus species, P. radiata, Chamaecyparis lawsonia,
Magnolia grandiflora.

Figure 3.9: Botryosphaeria species conidia release from pycnidia under 400X magnification.
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3.4.8 Summary and conclusions

There are very few detailed surveys measuring the distribution of sapstain fungi in
different geographical regions, within different seasons and different wood sources and
species worldwide (Uzunovic et al, 1999a). There are two main reasons for this.
Firstly, knowledge about the taxonomy of particularly the Ophiostoma species requires
complex morphological studies to adequately identify the fungi to species level. With
morphological analysis and increased knowledge of the Ophiostoma species within New
Zealand it was easier to identify these fungi (Harrington ef al, 2001). Secondly, a survey
of the sapstain fungi within a country requires extensive and organised sampling
(Uzunovic et al, 1999a). The survey described in this thesis research was undertaken
with the assistance of the two major Forestry companies in New Zealand, Fletcher
Challenge Forests and Carter Holt Harvey Forests. With the companies help this survey
was able to extensively sample major forest plantations within the North and South

Island of New Zealand over a two-year period.

The results of this study showed that there were no obvious differences in sapstain
fungal species associated with different geographical locations throughout the North and
South Island of New Zealand. The climatic variation within New Zealand therefore did
not affect the species of sapstain fungi. The climatic variation was also studied by
looking at the affect of season on individual sapstain species. There was individual
sapstain species predominated in a particular seasons, however as mentioned previously,
the proportions of S. sapinea and the total number of Ophiostoma species were affected

by season.

This study found that S. sapinea was the most widely distributed and the major cause of
sapstain in the survey endorsing the results of Birch (1936) and Butcher (1967). In this
study, S. sapinea was isolated throughout New Zealand, in all seasons and at all stages
from felling to port and processing operations. Chou (1984) also found that S. sapinea
was widely distributed throughout New Zealand. Kay et al (2002) examined twenty
isolates of S. sapinea from this survey, for colony and morphological characteristics, and
pathogenicity to P. radiata seedlings. Variation was evident in the S. sapinea isolates
and they could not be placed in the previously described morphotypes (Kay et a/, 2002).
The results of the study by Kay et al, (2002) indicated a shift in the New Zealand S.
sapinea population, either reflecting a re-introduction, spread of additional isolates or a

shift in the structure of the resident population. This thesis research showed that two of
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the isolates previously described by Kay et al (2002) as S. sapinea were Botryosphaeria
species and the other S. sapinea isolates were all of the type A morphotype.

It is important to note that the species dominance does not necessary indicate the
staining ability of the fungi. Not all Ophiostoma species growing on wood are
economically important sapstain fungi nor in fact do all the species stain wood.
Hutchison and Reid (1988a) tested the staining ability of the Ophiostoma species they
isolated from New Zealand. O. coronata produced no stain on any of the wood tested
(Hutchison and Reid, 1988a). O. piceae was not considered to be an important sapstain
organism (Lagerberg et al, 1927; Bakshi, 1951; Hutchison and Reid, 1988a). Other
reports, however suggested that O. piceae produces a penetrating light grey stain
(Seifert, 1993). Due to the taxonomic discrepancies with this species, it is unsure
whether these reports were studying O. piceae or another member of the O. piceae
complex. In contrast, species like O. piliferum (Seifert, 1993), S. sapinea (Butcher,
1967), and O. ips (Seifert, 1993) produce extensive grey to black stain on wood. The
staining ability of many of the Ophiostoma species isolated in this survey was tested in
this thesis research. Sapstain species were grown on P. radiata specimens in the
laboratory and were assessed for stain development. These results are given in Chapter
5 (Section 5.5.3).

In conclusion, seventeen individual species of Ophiostoma and S. sapinea were isolated
from the survey of New Zealand sapstain fungi including one unnamed species. No
sapstain fungi predominated in any geographical area of New Zealand. The diversity of
sapstain fungi was greatest in areas with high proportions of plantation forests. More
Ophiostoma species compared to S. sapinea were cultured from P. radiata plantations
and processing sites, however, native forest areas and other areas including nurseries,
urban areas and farm areas had relatively high proportions of S. sapinea. S. sapinea was
more prominent in the general forest samplings (needles, cones and other forest debris)
than the Ophiostoma species. From logs, timber, wood chips and plywood, more
Ophiostoma species than S. sapinea were cultured. S. sapinea was found more in spring
and summer, while Ophiostoma species were more abundant in the autumn and winter
months. A number of wood species were sampled in this survey including native and
exotic wood species. All sapstain species were isolated from P. radiata and a number of

sapstain fungi were isolated from other wood species.
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Knowledge of taxonomy and ecology of the sapstain fungi in New Zealand from this
survey assisted in the discovery of more effective control methods for stain reduction.
Biological control methods with albino technology using colourless strains of the most

common sapstain fungi in New Zealand are presented in Chapter 6.
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4 Sapstain fungi on Pinus radiata logs — from New
Zealand Forest to Export Destinations in Japan

4.1 Introduction

New Zealand is one of the worlds’ largest exporters of softwood logs. Exports of forest
products provide 4% of New Zealand’s gross domestic product (GDP) with the major
markets for logs including Japan, Korea, USA and Philippines (New Zealand Forest
Owners, 2001) (Figure 4.1). The shipment of P. radiata from New Zealand to these
export destinations requires lengthy transport times and crossing the equator where

moist warm conditions are often encountered making prevention of sapstain crucial.

(Year ended 31 March 2001 - provisional. Values in NZ$000 f.0.b.)

Country of

Destination ; O i
Australia 179 249913 179233 296985 91670 204410 1,022,390
Japan 22535 111391 83950 1746 279641 78,772 780,856
Korea, Republic 329234 7665 80735 10276 11365 6169 445444
USA 4199 262137 42334 7630 25616 56617 388,533
China 2197 33972 46923 4203 21343 307 186,815
Taiwan 975% 38910 47106 4734 23233 666 124,405
Indonesia 578 8782 82829 335 7933 921 112,748
Hong Kong 5789 17967 - 39203 15100 2700 80,779
Philippines 25034 13086 5794 22346 9015 1074 76,349
Thailand 9406 12817 2369 9734 468 878 56,999
Malaysia 5393 2381 13264 26127 2393 7539 57,097
Singapore - 9034 697 14168 2,766 993 27,658
India 40535 - 494 9217 1,061 626 51,933
Fil - 48 66 15830 1080 52713 22,207
Vietnam 1,746 3613 17568 839 19 171 24,056
United Arab Emirates 8,536 186 - 142 2,905 986 12,755
New Caledonia 19% 3338 - 4174 618 1469 9,795
Other countries 608 11188 11849 13978 12177 36631 86,431
Total 708,742 776,448 636,538 522,557 508,503 414,552 3,567,340

Figure 4.1: New Zealand exports of wood and wood products by destination (source New Zealand Forest
Owners, 2001).
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Japan, as the Asia Pacific region’s largest importer of forest products, is expected to
maintain its dominant consumption and importing position in most wood product
markets for the next 10 years (Ogle and Miller, 2000). Wood supply in Japan depends
on imports from various parts of the world including North America, New Zealand,
Chile, Europe and China. Most export wood requires treatment at Japanese sawmills

with anti-sapstain formulations to supply ‘clean’ unstained wood to Japanese markets
(Tsunoda and Kumagai, 1999).

As global movement of wood and wood products increases so does the threat of the
introduction of non-indigenous fungal species. Wingfield et al (2001) described that
little is known about the intercontinental spread of pathogens that infect solid wood,
especially the sapstain fungal pathogen S. sapinea which is now widespread through
exotic pine plantations. Wingfield e a/ (2001) stated that Ophiostoma species have also
spread from native pine-growing areas to exotic plantations. New Zealand has a
responsibility to ensure that its exports do not constitute a biosecurity risk to the
importing country (Ridley, 1999).

In 1948, the New Zealand Forest Service commenced intensive import/export quarantine
operations (Cooper, 1989). The New Zealand government was a signatory to the
International Plant Protection Convention 1951 which supported the principle that if
exporting countries sold only clean, good quality forest produce the inter-continental
spread of insects and disease would be minimised (Cooper, 1989). Prior to 1989, New
Zealand set its own export quarantine standards for forest products and prohibited export
of produce containing live insects at any developmental stage. In 1986, the Government
decided that, under its “user pays” policy, net funding for the forestry service would
reduce to zero after five years (Cooper, 1989). After this date, exports merely needed to
meet the specific regulations of the country of destination (Butcher and Dysdale, 1991).
Phytosanitary certification was issued only when required by the importing country.
Japan, Korea and China did not require phytosanitary inspection certificates for sawn
timber or logs, so inspections to these countries ceased (Cooper, 1989). At entry ports in
Japan and Korea fumigation or some other form of sterilisation is automatically carried
out. Other importing countries demand phytosanitary certification based on the

International Plant Protection Convention format (Cooper, 1989).
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In 1997, a group of American environmental organizations successfully sued the Animal
and Plant Inspection Service (APHIS) of the United Stated Department of Agriculture
(USDA) over APHIS’s regulations allowing the importation of non-tropical raw logs
and wood chips into the United States. The court issued a nationwide injunction
prohibiting the issue of further import permits until the USDA adequately disclosed the
biological risks that such importations posed to American forests (Ridley, 1999). In
January 1999, the United States District Court in San Francisco cancelled the prohibition
on permit issues. However, New Zealand has now developed a set of protocols to
minimise the chance that P. radiata export logs to the Unites States carry any
undesirable organisms (Ridley, 1999). The protocols include carrying out regular
systematic surveys, maintaining a centralised database of forest biota, and by

undertaking quality export timber inspections (Ridley, 1999).

In New Zealand logs can be stored at the wharf for up to two months (Butcher and
Dysdale, 1991). By inspecting logs prior to shipment, it is possible to ensure that they
are free from insect infestation and fungal infection, but this does not guarantee the
condition of the material at the point of delivery (Butcher and Drysdale, 1991). Passage
through warm, moist tropical conditions is conducive for fungal development, and
therefore deterioration is believed to occur during transportation of logs offshore to
Northern Hemisphere countries. Export logs are protected from deterioration in New
Zealand by debarking and anti-sapstain treatment (Butcher and Drysdale, 1991). The
removal of bark reduces the risk of insect infestation, as many of the bark beetles
(Scolytidae) require the presence of bark for attack (Reay, 2000). Bark removal,
however, does not completely remove the risk of pest infestation. Control of sapstain in
New Zealand and worldwide, is accomplished by fungicide treatment with a variety of
chemical active ingredients including: copper-8-hydroxy-quinolinolate, chlorothanonil,
carbendazim, didecyl dimethylammonium chloride (DDAC) and methylene bis
thiocyanate (MBT) (FRI, 1997; Morrell and Xiao, 1999). A more extensive review of
chemical control of sapstain fungi is provided in Chapter 6 (Section 6.3.1.2).

In places with temperate climates like New Zealand, the length of unprotected exposure
of logs in the forest after harvesting is crucial with regard to sapstain infection. Unless
the logs are processed shortly after harvesting, there is usually a high risk of fungal
infection (Butcher and Dysdale, 1991). Delays in processing result in the localised loss
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of moisture, especially from log ends and areas where bark is damaged or removed

during extraction.

In New Zealand, a mathematical model (Sapstain Danger Index, SDI) was developed
and validated which is used to indicate forest sites where harvested logs are more
susceptible to sapstain infection (Zeff, 1999; Cooper et al, 2000). This index also
calculates how soon after harvesting a log should be treated in order to minimise
sapstain development, by using parameters such as temperature, rainfall and relative
humidity. Cooper ef a/ (2000) showed that in five sites monitored in the Central North
Island of New Zealand, there was a correlation between the Sapstain Danger Index and

the number of days until sapstain infection occurred.

Lee and Gibbs (1996) investigated the influence of harvesting machinery and chainsaws
on the development of sapstain. Machine harvested logs had significantly more stain
than chainsaw harvested logs and this was directly correlated with the amount of bark
removed or loosened. The use of spiked rollers resulted in more stain than when rubber
rollers were used. Uzunovic et al (1999b) also observed that less bark was damaged
when rubber feed rollers were used in contrast to the use of metal spiked rollers. Intact

bark is thought to give effective and prolonged protection against fungal damage.

This chapter reports on the distribution of sapstain fungi from harvesting to an export
destination (Japan) on untreated and anti-sapstain treated logs. It is uncertain for P.
radiata, which fungal species contribute to the major sapstain problem at the each stage
of production from harvesting to an export destination. Two field trials were
established, one in New Zealand summer and the other in New Zealand winter. No
other trials that the author is aware of were published that follow logs from harvesting to
export destinations especially the movement from the Southern Hemisphere to the

Northern Hemisphere.
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4.2 Aims and Objectives

The aim of this study was to verify in a controlled and measured environment the
ecological patterns of sapstain colonisation at specific points in the processing of logs
from harvesting to an export destination. This study also compared the effect of
shipment in two different seasons (New Zealand summer and winter) and monitored
environmental conditions during storage and shipment of the logs. A comparison of the
time of harvest to anti-sapstain treatment and the effects of anti-sapstain treatment on

sapstain colonisation were also addressed.

4.3 Material and Methods

Two trials were established in different climatic conditions, New Zealand summer and
New Zealand winter, of generally the same design where mature harvested logs were
treated with anti-sapstain chemical, shipped to the same export destination, Japan and

evaluated for their physical appearance and fungal species present.

4.3.1 Export Field Trial I - Summer 2001

This field trial was established on the 7% February 2001 at a storage yard in Kinleith
Forest, Central North Island, New Zealand. Freshly harvested logs from approximately
24-year-old trees, with an average diameter of 27cm, with lengths of approximately 6.1
metres, were sourced from Kinleith Forest. There were a total of 91 logs in the summer
trial. Treatments were separated into two groups, the first compared non-anti-sapstain
treated logs and anti-sapstain treated, and the second group compared the time of harvest

to anti-sapstain treatment.

Group 1. Treatment 1 (No anti-sapstain treatment)
Treatment 2 (Anti-sapstain treated 4 days post-harvest)
Group 2. Treatment 3 (Anti-sapstain treated 4 days post-harvest)
Treatment 4 (Anti-sapstain treated 1 day post-harvest)

Logs were debarked just prior to anti-sapstain treatment. For Treatment 1, logs were
not debarked as this represented the normal export logs to Japan at the time of
establishment of this trial and had no anti-sapstain treatment. Chemical treatments

occurred either at one day or four days post-harvest and consisted of logs being sprayed
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with a benchmark anti-sapstain product Cutrol 375, (distributed by Fernz Timber
Protection, PO Box 88-048, Clendon Town, Auckland, New Zealand) at a concentration
of 9.5 % w/v. Cutrol 375 contains Copper-8-quinolinolate as the active ingredient. The
concentration level of this product was determined by the industry and was justified on
the basis of cost and efficacy. A pink dye was also added to ensure good coverage
validation of the anti-sapstain chemical. The logs were stored in the Kinleith trial area
until transportation to the Port of Tauranga (Figure 4.2) and shipment to Japan. The
Export Field Trial I logs went to the Port of Akita, Northern Japan (Figure 4.2).

} Kinleith Forest

Akita

Hamada

P

Figure 4.2: Maps of New Zealand and Japan, showing harvesting sites (Kinleith Forest area) the Port of
export (Tauranga) in New Zealand and Ports of import in Japan (Akita, Export Field Trial I and Hamada,
Export Field Trial II).

The logs were assessed for appearance and sampled for fungal isolations at three time
points: immediately before anti-sapstain treatment, at five weeks just prior to
transportation to the port for loading aboard the ship, and at ten weeks after arrival at the
Port of Akita, Japan. All logs were sampled at each time points as follows; a 0.5 metre
section was sliced from both ends of each log and discarded. The 50mm sample disc
was then sliced from both ends of all logs. Each disc was assessed for visual sapstain

coverage and fungal infection. Two independent assessors estimated the amount of
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visual sapstain on the face of each disc using the scale in Table 4.1. Only shades of blue,

grey or black stain were used in the estimation of stain.

Table 4.1: Visual stain categories used in the Export Field Trials to estimate the amount of sapstain
coverage on disc faces.

0 = no stain (0%)

1 = Minimally stained (1-10%)

2 = Mildly stained (11-20%)

3 = Moderately stained (21-50%)
4 = Heavily stained (51-80%)

5 = Severely stained (81-100%)

Sapstain fungal infection was determined from five randomly sampled pieces taken from
each disc. For each time point the time between sampling and processing in the
laboratory varied. For the first two time points (before anti-sapstain treatment and prior
to shipment) the samples were all processed within two days of sampling. There was a
delay in processing the samples from Japan due to transportation of the samples back to
New Zealand. The Japan samples were stored when possible at 5°C and were processed
within one week of sampling. The pieces were surface sterilised at room temperature by
soaking in 5% hypochlorite solution for approximately two minutes and rinsed twice in
sterile water. The samples were then slivered with a sterile scalpel and slivers placed
onto two selective media: Media 4 and Media 6 as described more fully in Chapter 2
Section 2.3).

The selective media plates with wood slivers were incubated for up to 30 days at 25°C in
a darkened chamber. All sapstain fungi growing on the selective media plates were
aseptically transferred onto fresh agar plates, containing 1.5% malt extract agar as they
developed. Cultures of S. sapinea and Ophiostoma species were identified as previously

described in Chapter 2 (Section 2.4).

4.3.2 Export Field Trial II - Winter 2001

Export Field Trial II was established on the 28™ of August 2001 (New Zealand winter) at
the same location as the first trial with logs sourced from Kinleith Forest. P. radiata
trees were felled, cut and treated as previously described with the exception of the
control logs which were debarked due to concerns in the first trial of potential beetle

infestation of the bark. The treatments were the same as the first logs. Again the logs
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were stored in the Kinleith trial area until transportation to the Port of Tauranga (Figure
4.2) and shipment to Japan in the MV RUBIN FOREST voyage number V60A. The
Export Trial II logs were shipped to the Port of Hamada, Southern Japan (Figure 4.2).

Logs were assessed for sapstain discolouration and sampled for fungal infection
immediately before anti-sapstain treatment, prior to transportation to Japan (8 weeks
post-harvest) and at the Port of Hamada, Japan (15 weeks post-harvest). Logs were
analysed for visual stain coverage and sampled for fungal colonisation using the

methods described in Export Field Trial 1.

4.3.3 New Zealand Parallel Trial

An identical trial was established at the same time as Export Field Trial IT with identical
treatments and is referred to as the New Zealand Parallel Trial. This trial served to
compare logs exported to Japan with logs left in New Zealand with regards to physical
appearance of sapstain and fungi present on the logs. These logs were left at the storage

site in Kinleith and assessed once, fourteen weeks post-harvest.

4.3.4 Data analysis

Statistical analysis of the visual stain was performed using the program Minitab Version
12. Individual logs from each treatment were considered replicates. Differences with
respect to severity of stain between treatments and time of sampling were investigated
using analysis of variance (ANOVA). Comparisons were conducted using Tukey’s

pairwise comparisons to determine the nature of the differences detected by ANOVA.

For each time point, the presence or absence of an individual species on the selective
media was recorded. The occurrence of species in a sample was scored as a single record
regardless of the number of colonies developing on the media. The percentage of
isolations for each species at each time point and for each treatment was calculated as the
number of positive isolations of a species/total isolation attempts x 100 (P;). Values of
species richness were used to evaluate diversity. Species richness was estimated as the
number of different species per site. Dominance of fungal species on a treatment or at a
specific time period were analysed using Carmargo’s index (1/S) where S represented
species richness (the number of competing species in the community) and a species was

termed dominant if P; > 1/S (Camargo, 1993).
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4.3.5 Climatic Information

Weather information, both mean daily rainfall and temperature, for the trial periods at
Kinleith were provided by a weather station within the area. Two climatic data
recorders (Hobo ® H8 Pro RH/Temperature loggers) accompanied the logs on both
ships for Trial I and Trial II, the NIN and MV RUBIN FOREST respectively, with one
data logger placed above deck and one placed below deck. Measurements of

temperature and relative humidity were recorded.

4.4 Results and Discussion

4.4.1 Climatic Information

Climatic information for the time periods when the logs were stored at Kinleith and
aboard the ships during transportation was measured for Export Trial I, II and the New
Zealand Parallel Trial. Figure 4.3 and Figure 4.4 show the mean daily temperature and
rainfall for the time period that the logs were held at Kinleith from the 7 February to
the 8" March 2001 for Export Field Trial I and 28" August to the 28" November for
Export Field Trial II and the New Zealand Parallel Trial. Tral I had an average
temperature of 18°C with a range from 13-22°C, for the period of harvesting and holding
of the logs pre-shipment at Kinleith. The average rainfall for this period was 7mm but
rainfall during this period occurred on only seven days with the other 24 days having no

rainfall.

Rainfall (mm)

Temperature (°C)
©c3888883388
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Dates logs were at Kinleith
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Figure 4.3: Mean daily temperatures and rainfall for Export Field Trial L, the period from harvesting to
pre-shipment at Kinleith (7" February 2001- 8™ March 2001).
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Export Field Trial II (between the 28" August and the 25 October) had significantly
lower temperatures and rainfall than the summer Export Field Trial . Export Field Trial
II had an average temperature of 11°C and average daily rainfall of 3mm for the period
from harvesting to shipment of the export logs. The temperatures and rainfall were
measured for the period following shipment of Export Field Trial II to monitor the
weather conditions for the back up trial. An average temperature of 13°C and average
daily rainfall of 8mm was recorded for this period from the 26® October to the 28"
November. A total of 19 days during this period had significant rainfall. This period

thus had more rainfall and the temperatures were slightly warmer than the previous

period.
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Figure 4.4: Mean daily temperatures and rainfall for Export Field Trial I and the New Zealand Parallel
Trial, for the period from harvesting to pre-shipment and post-shipment at Kinleith (28" August 2001- 28"
November 2001).

Two climatic data recorders, one above deck and one below deck measured mean daily
temperature and relative humidity for the duration of the shipment to Japan in both trials
(Figure 4.5 and Figure 4.6). For Trial I, the logs were aboard the ship NIN from the
21 of March to 10™ April 2001. The temperatures and relative humidity readings
recorded were less varied below deck. The temperatures ranged from 11 to 28 °C above
deck and 17 to 25°C below deck. The relative humidity ranged from 61-95% above
deck and 75-96% below deck.
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For Export Field Trial II, the logs were aboard the MV RUBIN FOREST from the 27%
October to 28™ November. The temperatures were slightly lower for this trial, compared
to Export Field Trial I. The temperatures ranged from 10 to 29°C above deck and 13 to
22°C below deck. Relative humidity was approximately the same for Export Field

Trials I and II. Relative humidity for the shipment period of this trial ranged between 56
to 92% above deck and 79-99% below deck.
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Figure 4.5: Mean daily temperature and relative humidity above and below deck of the ship NIN for the
period of shipment during Export Field Trial I (21% March 2001-10" April 2001).

5 £
2 :
e I
: g
: :
(4
0 44—ttt 0
S gpé eOA 0“ eOA ed\ ed\ eOQ eOA ed; e(s\ éOA edx edx 6‘ edx
e ,,;\pérv R AR R SRS N iy

Dates on the MV RUBIN FOREST

—=— Temperature below deck —a— Temperature above deck
—e— Relative Humidity below deck —a— Relative Humidity above deck

Figure 4.6: Mean daily temperature and relative humidity above and below deck of the tl::iV RUBIN
FOREST for the period of shipment during Export Field Trial II (27" October 2001- 28™ November
2001).
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4.4.2 Visual Stain data
The patterns of sapstain discolouration evident on the P. radiata logs were typically
wedge shaped. The stained wedges radiated inward from the cambium and were in

some cases associated with puncture marks on the outer surface of the logs (Figure 4.7).

Figure 4.7: Patterns of stain evident in Export Field Trial I at the sampling in Akita, Japan. A: log treated
with anti-sapstain within one day of harvesting (stain associated with a puncture mark on outer surface. B:
Log treated with anti-sapstain chemical four days post-harvest (stain in wedge shape).

Visual stain data for both trials according to sampling period is provided in Table 4.2.
No logs were stained on any treatment prior to anti-sapstain treatment for either trial.
Export Trial I (summer) had more stained logs than Export Trial II (winter) prior to
shipment to Japan. The visual stain on logs pre-shipment ranged from minimal (0-10%)
to heavily stained (51-80%) in Export Field Trial I compared to Export Trial II where
the majority of stained logs were only minimal (0-10%) (Figure 4.8). Logs arriving in
Japan that were harvested in New Zealand summer had more stained logs and more

severity of stain than logs harvested in winter.

At the same time as Export Trial II, a second set of logs with identical treatments to
Export Trial II was also established and subsequently called New Zealand Parallel Trial.
This set of logs was set up to compare logs at the export destination to logs left in New
Zealand and the logs were only sampled once, a week before the logs exported to Japan
were sampled. The logs left in New Zealand had an average severity of stain of 1.0
compared to the logs exported to Japan, which had an average severity of stain of 0.2.

There were also a number of mildly and moderately stained logs in the New Zealand
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Parallel Trial, whereas the logs exported to Japan were only minimally stained. This
shows that trials in New Zealand do not mimic what is happening to logs that are
exported.

Table 4.2: The number of logs grouped according to the values of stain severity for the different sample
times.

Before AST  Before Shipment Japan New Zealand Parallel
Trial | Trial Il Trial | Trial Il Trial | Trial Il Trial | Trial Il
No stain 91 92 3 58 9 46 No data 20
Minimally stained (0-10) 0] 0 56 33 28 9 No data 54
Mildly stained (11-20) 0 0 21 1 27 0 No data 14
Moderately stained (21-50) 0 0 9 0 22 0 No data 4
Heavily stained (51-80) 0 0 2 0] 5 0 No data 0
Severely stained (81+) 0 0 0 0 0 0 No data 0
Average severity of stain 0 0 1.5 0.4 1.8 0.2 No data 1.0
Total number of logs 91 92 91 92 91 55 No data 92

Figure 4.8: Logs from Export Field Trial I and II, both logs treated with anti-sapstain chemical four days
post-harvest and sampled in Japan. A: Export Field Trial I (Moderately stained) B: Export Field Trial II

(No stain).
Visual stain data for both trials according to the four different treatments is shown in

Table 4.3. There was a statistical difference in the average severity of stain between,
Treatment 1 (non anti-sapstain treated logs) and Treatment 2 (logs treated with anti-
sapstain four days post-harvest) for Trial 1 (F= 8.7, P=0.003) and Trial II (F=33.5,
P<0.001) (Figure 4.9). In both Trial I and Trial II, the non anti-sapstain treated log had
more severe staining than the anti-sapstain treated logs. Treatment 4 (the logs treated one
day post-harvest) was less severely stained compared to Treatment 3 (the logs treated
after four days) for Trial I (F=36.7, P<0.001) (Figure 4.9). However, for Trial II (New
Zealand winter) there were significant differences between Treatment 4 and Treatment 3

(F=0.3, P=0.616).
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Table 4.3: The number of logs grouped according to the values of stain severity for the different

treatments.
Treatment 4
Treatment 1 Treatment 2 Treatment 3 Anti-sapstain 1
No anti-sapstain __Anti-sapstain 4 days Anti-sapstain 4 days day
Trial | Trial Il Trial | Trial Il Trial | Trial Il Trial | Trial il
No stain 23 27 26 56 22 65 32 74
Minimally stained (0-10) 14 32 32 33 7 26 31 18
Mildly stained (11-20) 18 21 11 2 17 1 2 0
Moderately stained (21-50) 9 12 3 1 18 0 1 0
Heavily stained (51-80) 5 0 0 0 2 0 0 0
Severely stained (81+) 0 0 0 0 0 0 0 0
Average severity of stain 1.4 1.2 0.9 0.4 1.6 0.3 0.5 0.2
Total number of logs 69 92 72 92 66 92 66 92

Figure 4.9: Logs from Export Field Trial I at Akita, Japan each with a djfferent treatment. A No a.nti-
sapstain chemical. B: Anti-sapstain chemical applied 4 days after harvesting. C: Anti-sapstain chemical
applied 4 days after harvesting. D: Anti-sapstain chemical applied one day after harvesting.
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4.4.3 Fungal data analysis

From the 2730 samples taken, a total of 878 individual sapstain fungi were isolated in
the Export Trial I established at the end of New Zealand summer 2001. Both S. sapinea
and eight Ophiostoma species were isolated and identified (Table 4.4). The most
commonly isolated fungi were O. floccosum, O. querci and O. setosum. A number of
Ophiostoma species grew on the selective media but were unable to be obtained in pure
culture for identification. These species were identified as Ophiostoma species due to
morphological features (synnemata and perithecia) evident on the media as well as their
ability to grow in the presence of cycloheximide and are given in Table 4.4 as
Ophiostoma sp.  In comparison, Export Field Trial II and the New Zealand Parallel
Trial both established at the same time in winter 2001 (the only difference between the
two trials is Trial II logs were shipped to Japan and New Zealand parallel logs remained
in New Zealand) had a total of 451 individual sapstain fungi isolated from 3680 samples
taken. The most common sapstain fungi were S. sapinea, O. querci, O. floccosum, O.
setosum and O. piceae (Table 4.4). In both trials sapstain fungi were isolated from both

stained and unstained pieces of wood.

Table 4.4: Overall percentage (and frequency) of individual sapstain species isolated from Export Field
Trials I and IL.

Sapstain species Trial I* Trial II*
L. procerum 1.7 (45) 0.1 (3)
Ophiostoma sp. 4.3 (118) 0.3(12)
O. floccosum 8.8 (241) 1.4 (50)
O. huntii 1.9 (52) 0.1 (4)
0. ips 0.4 (10) not identified
O. piceae 1.5 (40) 1.3 (48)
O. piliferum 0.01 (1) 0.1(3)
O. pluriannulatum not identified 0.03 (1)
O. querci 7.0 (192) 2.7 (98)
O. setosum 4.5 (122) 1.4 (51)
S. sapinea 2.1(57) 4.93(181)
Total independent sapstain isolates  32.2 (878) 12.3 (451)
Total pieces of wood sampled 2730 3680

*numbers in brackets are the frequency of sapstain species collected

Other wood inhabiting fungi grew on the selective media, including Alternaria species,
Cladosporium species, Epicoccum species, Fusarium species, Mucor species,
Penicillium species, Pestalotia species and Trichoderma species. These fungi were not

characterised to species level, as the scope of the project was to identify the penetrating
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sapstain species. Dowding (1970) described these species as causing only surface
discolouration, invading the wood more slowly than the Ophiostoma species and
preferring dead sapwood with high food reserves. Trichoderma species were also
isolated in both trials but were also evident on the outer surfaces of the samples from the
time point in Japan for Export Field Trial I prior to processing in New Zealand.
Trichoderma species are described as fast growing primary colonisers of wood capable

of utilising the sugar present and are able to survive for long periods of time under field

conditions (Bruce et al, 2000).

Table 4.5 shows the frequency of each species isolated at each time point for Export
Field Tnial I. O. querci, O. floccosum and O. setosum were all isolated in high numbers
before anti-sapstain treatment. These fungi were colonising the wood within four days
of harvesting. A variety of Ophiostoma species and S. sapinea were isolated in high
numbers prior to shipment (five weeks post-harvest). At the Port of Akita, Japan, the
sapstain fungi O. floccosum, O. querci, O. setosum and O. huntii were isolated m high
numbers. O. huntii was only isolated once before shipment. Isolations of O. floccosum

and L. procerum increased from harvesting to the export destination.

Table 4.5: Frequency of sapstain fungi isolated in the sapwood of P. radiata from harvest to export
destination for Export Field Trial I.

Location
Before
Before AST shipment Akita, Japan
L. procerum 7 9 29
Ophiostoma sp. 42 33 43
O. floccosum 40 87 114
O. huntii 0 1 51
O. ips 0 3 7
O. piceae 16 8 16
O. piliferum 1 0 0
0. querci 77 68 47
O. setosum 42 39 41
S. sapinea 20 35 2
Total 245 253 323

The increased isolations of Ophiostoma species compared to S. sapinea indicated that
the Ophiostoma species might out compete S. sapinea over time. Chapter 6 (Section
6.5.9) shows results of albino O. floccosum producing a metabolite that stops the growth

of S. sapinea on synthetic media.
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At the Port of Akita, Japan, the sapstain fungus O. huntii was isolated in high numbers,
compared to the other sampling periods. From this data O. huntii appeared to be a

secondary coloniser, predominately being isolated when the logs were held after

harvesting for more than nine weeks.

Table 4.6 shows the percentage of wood samples with sapstain fungi isolated at each
sampling period and for each treatment for the trials. The effect of season was evident
in the amount of sapstain fungi isolated when comparing Export Field Trial I (summer)
and Export Field Tnial II (winter). There were higher amounts of sapstain fungi isolated
from the logs before anti-sapstain treatment for Export Field Trial I than Export Field
Trial II.  This trend was also seen at the sampling point prior to shipment and at the
ports in Japan. The New Zealand Parallel Trial logs had less fungi isolated compared
with the logs exported to Japan. These logs, however, were more stained than the logs
exported to Japan. It is unsure why less fungi was isolated, one reason maybe that the
logs exported to Japan were colonised with fungi that were not melanised. The effect of
environmental conditions and the production of melanisation are discussed in Chapter 5
(Section 5.5.2.3).

An increase in isolations of sapstain fungi occurred over time for each treatment.
Treatment 1, no anti-sapstain treatment logs had more isolations of sapstain fungi than
the anti-sapstain treated logs at the two time points post the application of anti-sapstain
treatment. The timing of anti-sapstain treatment after harvesting was significant. When
the logs were treated with anti-sapstain within one day of harvesting there were less
isolations of sapstain fungi at subsequent time points, with the exception of Export Field
Trial II, time point in Japan. These logs had no visual sapstain but sapstain fungi were

isolated from 23% of the samples.
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Table 4.6: Percentage of wood samples with sapstain fungi isolated at each samplin: iod and
treatment for Export Field Trial I and I1. ® Pine et

Percentage of wood samples with sapstain fungi isolated

Treatment Sampling Period
Before AST Before shipment Japan New Zealand Parallel
Trial | Trial Il Triall  Trial ll Triall  Tralll Trall Trialll
Treatment 1 33 0.9 50.4 104 856 Nodata® Nodata 274
Treatment 2 28.3 35 17.9 6.1 254 17.7* Nodata 23
Treatment 3 15.9 57 20.9 39 12.7 196 Nodata 17
Treatment 4 30 2.6 12.7 0 29 239 Nodata 87

*Some logs were not shipped to Japan, these logs were sampled in New Zealand at the same time as the back up logs,
with the following values Control = 20.4% and AST 5 day Mixed = 26.4% of samples containing sapstain fungi.

For Export Trial I, Treatment 3 at the sampling point of Japan, only 12.7% of the
samples contained sapstain fungi. This treatment had a high proportion S. sapinea
isolated at the sampling point before shipment. The samples taken from the logs at the
Port of Akita had Trichoderma species evident on the outer surfaces of most samples
prior to processing in the laboratory in New Zealand. Trichoderma species dominated
on the Media 4 selective agar plates therefore reducing the potential to isolate S. sapinea.
Trichoderma species were inhibited on Media 6, allowing for successful isolations of

Ophiostoma species.

The proportions of logs with S. sapinea and the total Ophiostoma species, species
richness and dominance data for the different treatments and varying sampling periods
are shown in Table 4.7 and Table 4.8 respectively. The effect of season was evident in
the amount of sapstain fungi isolated when comparing Export Field Trial I (summer) and
Export Field Trial II (winter). A total of 24% of the samples taken prior to anti-sapstain
treatment contained Ophiostoma species compared with only 2% for the Export Trial II.
More Ophiostoma species were isolated than S. sapinea in Trial 1, with the exception of
Treatment 2, Export Trial II. Treatment 1, with no anti-sapstain treatment, had more
sapstain fungi than the anti-sapstain chemical treated logs. The timing of anti-sapstain
treatment after harvesting was significant. When the logs were treated with anti-sapstain

chemical within one day of harvesting there were less isolations of sapstain fungi.

At harvesting and pre-shipment S. sapinea was isolated (2 and 4 % respectively) more
often than at the export destination (0.2%) at the ports in Japan for Export Trial I. For

Export Trial II the isolations of S. sapinea remained constant. Isolations of Ophiostoma
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species, however, increased with each sampling time, from harvesting to pre-shipment in

New Zealand to the most being isolated at the export destination in Japan for both
Export Trials.

Tab!e 4.7: The percentage (frequency) of S. sapinea and total Ophiostoma isolates, the richness and
dominance of sapstain fungi isolated according to each treatment for Export Field Trial I and II.

Treatment 3*
Treatment 1* Treatment 2* Anti-sapstain 4 Treatment 4*
No anti-sapstain Anti-sapstain 4 days days Anti-sapstain 1day
Trial | Trial Il Trial | Trial |l Trial | Trial Il Trial | Trial Il
S. sapinea 0.9 (6) 4.9 (45) 0.1 (1) 7.3 (67) 5(33) 52(48) 26(17) 23(21)
Total Ophiostoma
isolates 62.7(433) 10.0(91) 238(171) 66(61) 11.5(76) 6.3(58) 21.4(141) 6.5(60)
Total sapstain
isolates 63.6 (439) 14.9(136) 23.9 (172) 13.9(128) 16.5(109) 11.5 (106) 23.9 (158) 8.8 (81)
Total number of
wood pieces
sampled 690 920 720 920 660 920 660 920
Richness 8 8 8 7 7 6 8 6
Dominant sapstain  O. floccosum )
species ° 0. querci No No No No No No No

* Number in brackets indicates the frequency of sapstain fungi isolated.
* Dominant fungi according to Carmargo’s index.

Table 4.8: The percentage (frequency) of S. sapinea and total Ophiostoma isolates, the richness and
dominance of sapstain fungi isolated according to each sampling point for Export Field Trial I and II.

Before AST* Before Shipment* Japan* New Zealand Parallel*
Trial | Trial Il Trial | Trial Il Trial | Trial Il Trial | Trial Il
S. sapinea 22(20) 1615 3.9(35) 1.6 (15) 02(2) 27(15) Nodata 11.2(103)
Total Ophiostoma
isolates 247 (225) 1.5(14) 27.2(248) 3.5(32) 38.2(348) 18.4(101) Nodata 7.8(72)

Total sapstain isolates 26.9 (245) 3.1(29) 31.1(283) 5.1(47) 384 (350) 21.1(116) Nodata 19.0 (175)
Total number of wood

Ppieces sampled 910 920 910 920 910 550 No data 920
Richness 7 5 8 5 8 7 No data 7
Dominant sapstain

species ° No No No No O. floccosum No No data No

* Number in brackets indicates the frequency of sapstain fungi isolated.
* Dominant fungi according to Carmargo’s index.

The calculation of richness indicates the number of species within the community,
however, it does not measure how many individuals are represented by each species in a
community. For Export Trial I, richness did not vary according to treatment or sampling
time A richness value of 8 was obtained for Treatments 1, 2 and 4 and a richness value
of 7 for Treatment 3. Before anti-sapstain treatment, the richness value was 7 and
increased to 8 for the sampling periods prior to shipment and at the Port of Akita, Japan.

The dominant sapstain fungi as assessed by Carmargo’s index were O. floccosum and O.
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querci on the Treatment 1 (Table 4.7) and O. floccosum at the sampling point in Japan
for Export Trial I (Table 4.8).

Values of richness for Export Trial II varied slightly with the different treatments. The
highest richness value of 8 was recorded for Treatment 1, no anti-sapstain treatment.
Treatment 2 and 3 (logs anti-sapstain treated within four days of harvesting) had
richness values of 7 and 6, respectively, and Treatment 4 (logs anti-sapstain treated
within one day of harvesting) had a richness value of 6 (Table 4.7). Richness increased
from a value of 5, before anti-sapstain treatment and prior to shipment, to a richness
value of 7 at the Port of Hamada in Japan (Table 4.8). There were no dominant fungi
identified in Export Trial 2 using Carmargo’s index (Table 4.7 and Table 4.8).

444 Summary

This is the first report of sapstain development and sapstain fungal colonisation on logs
from harvesting to an export destination. Farrell et al (1998) studied the sapstain fungi of
New Zealand and identified S. sapinea and thirteen Ophiostoma species as the major
sapstain organisms. The fungi identified in these trials were species that were previously

isolated in the survey of Farrell et a/ (1998) and described in the Chapter 3 of this thesis.

The sapstain fungi found in these trials differed in proportion to the survey data
described in Chapter 3. S. sapinea was described as the cause of the majority of sapstain
problems in New Zealand (Birch, 1936; Butcher, 1967, Farrell et al, 1998). The survey
data (Chapter 3) showed that S. sapinea was dominant in summer, however, Export Trial
I to Japan had higher amounts of Ophiostoma species than S. sapinea. In Export Trial II
a total of 5% of samples taken contained S. sapinea. The isolation of very little S.
sapinea in both trials was therefore a little surprising. The spores of S. sapinea are
associated with cones and needles that are commonly found on the forest floor (Palmer
et al, 1988). The inoculum density of S. sapinea is higher presumably, therefore, in the
forest environment. As the logs during pre-shipment were stored in a processing yard
the incidence of infection by spores of S. sapinea was potentially lower. More
Ophiostoma species than S. sapinea were isolated in both trials. The sticky spores on
the synemmatal and perithelial stalks of Ophiostoma species, are shown to be
disseminated by wind and insect vectors, and are commonly found on logs and timber

(Dowding, 1970). The insect vectors particularly the bark beetles (commonly Hylastes
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ater in New Zealand) are found both in logs and stumps (Reay e al, 2002). Insects and
wind increase the spread of Ophiostoma species from logs at mill, processing plants and

ports, therefore more inoculum potential for Ophiostoma species could occur at these

sites.

The international spread of sapstain and vascular pathogens is strongly associated with
movement of timber infested with an insect vector. Readily visible vectors such as bark
beetles can be intercepted, but controlling microorganisms poses greater difficulties. A
more important consideration in the movement of these logs is the risk that various pests
will be carried from the country of origin into the importing country. No sapstain fungi
considered serious pathogens (Leptographium wagneri, Ophiostoma ulmi, Ophiostoma
novo ulmi, and members of the Ceratocystis family) were transported from New Zealand
on either tnal. Species of Ophiostoma are best known from the Northern Hemisphere
and particularly Europe and North America. There are very few reports of Ophiostoma
species in Japan and other Asian countries (Van der Westhuizen et al, 1995). Aoshima
(1960) studied the wood-stain fungi of Japan and found S. sapinea and members of the
Ophiostomataceae family, including the following Ophiostoma species, which are also
isolated from New Zealand: O. floccosum, O. piceae, O. pluriannulatum, O. stenocerus,
O. piliferum, O. ips, and Leptographium species. Both Export Trials showed that the
majority of the sapstain fungi of New Zealand being exported to Japan are already
present in that country. A comprehensive survey of the sapstain fungi of Japan,
especially the fungi on imported wood, would be required to confidently say that a
country such as New Zealand is exporting foreign sapstain organisms into Japan.

The severity of stain and the number of fungal isolations differed between the summer
trial and the winter trial. The summer trial was more heavily stained and more fungi
were isolated. Butcher (1967) when studying sapstain development on P. radiata posts
above and below ground in New Zealand found stain in practically all posts from
December to May. Butcher (1967) also compared the mean percentage staining with the
monthly mean temperature and total rainfall and showed the incidence of sapstain was
associated closely with these factors. For both trials the temperature, and rainfall or
relative humidity was measured for the entire trial periods. The increase in temperature
and humidity while on the ship did not make a significant difference to the amount of
sapstain and fungal colonisation for the Export Field Trial II as indicated by the data.
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There was very little stain prior to shipment and the logs were still relatively sapstain
free on arrival at the export destination.

The time between harvesting and anti-sapstain treatment had a serious effect on the
sapstain development in the summer trial. The amount of sapstain fungi that had
infected the logs prior to anti-sapstain treatment in summer was high. Zeff (1999) and
Cooper et al (2000) developed and verified a mathematical model (Sapstain Danger
Index, SDI), which is used to calculate how soon after harvesting, a log should be treated
in order to minimise sapstain development, by using parameters such as temperature,
rainfall and relative humidity. Using this model, Zeff (1999) stated that the time
between harvesting and treatment should be minimised and should not exceed 48 hours
during the summer months. Results from this trial showed that anti-sapstain treatment
within one day was more effective at controlling sapstain than when logs were treated
four days after harvesting. Future work to correlate more closely export results with

treatment time and with SDI could be used to optimise forest management parameters.

Sapstain fungi were isolated from logs treated with anti-sapstain chemicals. The anti-
sapstain chemical treatments remain only on the logs surface (Morrell and Xiao, 1999)
and could have killed off the surface spores and hyphae but not the sapstain fungi that
had already successfully penetrated into the wood. Another possible reason could be the
presence of chemical resistant sapstain fungi. Xiao and Kreber (1999) studied the effect
of a chemical formulation IPBC/DDAC on spore germination and hyphal growth of O.
piceae. Spore germination occurred within 24 hours on untreated wood and the majority
of spores did not germinate on treated wood. However, in some spores, the process of
germination was delayed in treated wood, but once it occurred, hyphae rapidly colonised

the treated wood (Xiao and Kreber, 1999).

In conclusion from Export Trial I, nine species were isolated, the most common being O.
Sfloccosum, O. querci and O. setosum. Export Trial II had a different combination of
nine sapstain species detected, the most common were S. sapinea, O. querci, O.
floccosum, O. setosum and O. piceae. Logs arriving in Japan that were harvested in
New Zealand summer had more stained logs and more severity of stain than logs
harvested in winter. Results from this trial showed that anti-sapstain treatment within

one day was more effective at controlling sapstain than when logs were treated four days
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post-harvest. This research showed the New Zealand sapstain fungi being exported on

logs are present in Japan and no serious pathogens were detected.
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5 Colonisation of sapstain fungi on Pinus radiata

5.1 Introduction

Information provided in Chapters 3 and 4 identified the sapstain species and their
prevalence in New Zealand. During the ecological investigations on New Zealand
species of sapstain fungi, a number of Ophiostoma species were encountered which were
not well studied with regard to colonisation and stain formation on P. radiata.
Colonisation data provides fundamental information and will assist in development of

more effective strategies to control the staining fungi in the environment.

The growth and development of sapstain fungi is strongly influenced by the nutrient,
moisture and oxygen content of the wood as well as the ambient temperature (Seifert,
1993). This is exemplified in New Zealand by the variation in the incidence of sapstain
development between winter and summer as seen in Chapter 4. There was a lack of
knowledge of the New Zealand isolates of sapstain fungi and their colonisation on P.
radiata. The majority of the published studies on growth rates used agar plates, or lab
sized \;vood specimens. Most of the previous colonisation work looked at stain

development not fungal growth.

Gibbs (1993) stated that there was a lack of useful data on the rates of sapstain
development in logs. He found that the majority of work on growth rates was on wood
that had been altered by heat treatment or chemical sterilisation. He suggested that more
work was needed on the growth of sapstain fungi in the host and on the extent that
growth is influenced by environmental factors. Improved knowledge of the biology of

these fungi may lead to better control strategies for sapstain in forest industry.

This chapter reports on the colonisation of sapstain fungi in vitro and on P. radiata in
the field environment. The hypothesis, major aims and objectives of this chapter are
firstly presented. A literature review is provided at the beginning of this chapter and
introduces wood as a nutrient source for sapstain fungi. Literature on the environmental
factors influencing the colonisation of sapstain fungi is given. This chapter provides
methods and materials, results and a discussion on the colonisation of sapstain fungi in
New Zealand with emphasis on the radial penetration and stain development on P.

radiata in vitro and in the field environment.
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5.2 Hypothesis, Aims and Objectives
The hypothesis of this chapter is that individual species of New Zealand sapstain fungi

stain and colonise P. radiata differently. The aim of this chapter was to measure the
intrinsic growth rates, stain development and colonisation of a number of New Zealand
sapstain fungi, on synthetic media, on small specimens of P. radiata in the laboratory
and in two field trials with P. radiata logs. Albino strains of Ophiostoma species were

also assessed and will be described in Chapter 6.

The following objectives were addressed:

¢ To compare the intrinsic growth rates of four of the most commonly isolated
New Zealand sapstain species O. floccosum, L. procerum, S. sapinea and O.
ips on synthetic media in vitro.

¢ To investigate the radial penetration and colonisation of O. floccosum, L.
procerum, S. sapinea and O. ips in the laboratory on unsterilised P. radiata
specimens at three different temperatures.

e To assess the colonisation and stain development of nine New Zealand
sapstain fungi in vitro on sterilised P. radiata specimens.

e To investigate the radial penetration and colonisation of O. floccosum, L.
procerum, S. sapinea and O. ips in freshly cut P. radiata logs in the field
during two seasons (New Zealand Summer and Winter).

e To ascertain the spatial distribution and colonisation of sapstain fungi in P.

radiata using light microscopy.

5.3 Literature review

S5.3.1 Colonisation of sapstain fungi

Saprophytic, pathogenic and endophytic fungi cause sapstain in wood. Saprophytic
fungi are thought to be of greater economic significance, as this group invades logs after
the tree is harvested (Seifert, 1993). The staining effect only becomes evident when
conditions are favourable for fungal growth. Staining due to pathogenic and endophytic
fungi is apparent when the tree is harvested and wood is discarded prior to processing
(Seifert, 1993). Findley (1959) summarised much of the early work on the impact of
environmental parameters on the colonisation of sapstain fungi. Much of the earlier

work is clouded by the taxonomic debate and name changes within the
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Ophiostomataceae Family. Seifert (1993) and Gibbs (1993) provide a more recent

summary of the biology of sapstain with an emphasis Ophiostoma species.

Sapstain fungi are mainly isolated from sapwood as the name sapstain implies. It was
observed though that the heartwood of P. radiata could be severely colonised by
sapstain species (Thwaites and Farrell, 2000). Findley (1959a) also noted that sapstain
within the heartwood of Douglas fir, Sitka spruce and pine could be occasionally found.
Zheng et al (1995) discussed unsuccessful attempts to colonise the heartwood of
lodgepole pine with O. piceae. Zheng et al (1995) also studied the influence of pH,
moisture, nitrogen, fatty acids and mixed heartwood extractives on the growth of O.
piceae. It was proposed that the toxicity of heartwood arose from the phenolic
compounds present in lodgepole pine heartwood.

Much of the colonisation data presented on sapstain fungi include: the intrinsic growth
rates of sapstain fungi on agar media; the microscopic colonisation of sapstain fungi in

wood cells and the effect of different environmental parameters on colonisation.

The linear growth rates of fungi on malt extract agar for some of the major sapstain
species on pine in Europe is shown in Table 5.1. However, most sapstain fungi grow

more slowly through wood than on agar media (Uzunovic and Webber, 1998).

Table 5.1: Linear growth rate on malt agar at optimum temperature of some Ophiostoma species causing
sapstain in pine and spruce (Source Gibbs, 1993).

Radial Growth Rate (mm/day)

More than 10 Between 5 and 10 Less than 5
Ceratocystis coerulescens Ophiostoma clavatum  Ophiostoma brunneociliatum
Leptographium lundbergii Ophiostoma ips Ophiostoma canum

Leptographium penicillatum Ophiostoma minus Ophiostoma piceae
Leptographium wingfieldii  Ophiostoma polonicum Ophiostoma piliferum
Ophiostoma huntii Leptographium procerum
Leptographium serpens Graphium spp.

Gibbs (1993) stated that there was a lack of useful data on the rates of sapstain
development in logs. Investigations into the growth of sapstain fungi in woody tissue
almost invariably used wood blocks sterilised by heat, irradiation, or autoclaving. All
these processes change the wood, sometimes making it too dry or depleting it of free
soluble nutrients and substantially altering the natural and physio-chemical properties.
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One of the few studies on penetration of sapstain fungi in wood is that of Lindgren
(1942). Lindgren studied the growth of O. piliferum on blocks of Pinus echinate and
found that longitudinal growth (4.5mm/day) was greater than radial or tangential (1.0
and 0.5mm/day respectively). The longitudinal growth in nutrient poor tracheid cells
was compared with radial growth in the nutrient rich ray parenchyma cells. This study
measured stain development in the wood rather than actual fungal penetration (Lindgren,
1942).

In the 1960s, Liese and Schmid undertook the most comprehensive investigations into
the growth of Ophiostoma species in naturally stained Pinus sylvestris and Picea abies
sapwood using microscopic analysis (quoted in Liese, 1970). Sapstain fungi are the
primary or initial wood colonisers, entering the wood cell lumen, ray parenchyma cells,
resin canals and the tracheids. Initial colonisation by sapstain fungi occurs with hyphae
growing inside the parenchyma cells, where they obtain nutrients of carbohydrates,
proteins and lipids (Liese, 1970). Fungal development within the rays is extensive

before other non-living portions of the wood are colonised (Ballard et al, 1982).

Resin ducts lined by epithelial cells also provide a way into the sapwood (Ballard ef al,
1982). Blanchette e a/ (1992) showed microscopically that the blue stained wood chips
colonised by O. piliferum, had resin ducts free of resin and large concentrations of
hyphae in the resin canals, surrounding epithelial cells and adjacent tracheids.
Tangential sections through a resin duct showed hyphae throughout the resin canal

growing within the residual resin.

In the late stages of sapstain colonisation the hyphae is widespread within the tracheids.
The hyphae are also found growing on the cell wall surface of tracheids, however they
do not reveal alteration of the cell wall surface (Liese, 1970). The hyphae pass from one
tracheid to the next either by growing through pits or by direct penetration of the cell
wall. The sapstain fungi open the parenchyma cells and rupture pit membranes but the
tracheid cells remain intact (Blanchette et al, 1992). Liese (1970) believed that these
fungi lack the enzyme system capable of degrading the cell wall constituents. The
relative lack of lignification of the ray parenchyma cells of sapwood of pine species may
be an apparent reason for the prolific growth and severe disruption of the ray cells. The

heartwood sapwood boundary is more lignified, as is the heartwood itself, one reason
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why fungi may not be colonising the heartwood (Liese, 1970; Erikkson et al, 1990;
Blanchette et al, 1992).

Sapstain fungi can produce hyphal appressorium at the point of hyphal attachment to the
wood cell wall. The appressorium produce minute bore holes by the release of a fine
penetration hypha about one fifth of the diameter of normal hypha that can penetrate the
wall (transpressorium). On emergence into the lumen of an adjacent tracheid it reverts to

its original diameter (Eaton and Hale, 1993; Gibbs, 1993: Seifert, 1993).

Schirp et al (1999) showed that at least three New Zealand isolates of Ophiostoma
species and S. sapinea did not degrade the structural wood components of P. radiata
using three independent quantitative methods. Some sapstain fungi were reported to
exhibit cellulolytic, hemicellulolytic or pectinolytic activity in artificial media (Schirp et
al, 1999; Schirp, 2001) but it appears that sapstain species lack the complete enzyme

system to degrade cellulose, hemicellulose and lignin.

5.3.2 Factors influencing the growth of sapstain fungi
The nutrient, moisture and oxygen content of wood have been shown to influence the

development of sapstain, as does ambient temperature, relative humidity and the wood

type.

5.3.2.1  Nutrients

To utilise the available nutrients in wood, sapstain fungi must produce extracellular
enzymes that hydrolyse the macromolecules in wood into assimilable nitrogen and
carbon (Breuil, 1998). The majority of the nutritive substances in wood are present in
the cytoplasm of parenchyma cells, lumen of tracheids and vessels and in the resin
canals of the sapwood. Two types of substances are found; hydrophilic compounds
(proteins, amino acids, starch and soluble sugars) and hydrophobic substances including

wood extractives and resins.

Starch and lipids are the principle nutrition source in the storage tissue of wood (Zabel
and Morrell, 1992). Starch is a readily available food source for sapstain fungi as it is
present unmasked by any encrusting material in the cell. Sapstain fungi express
amylases in order to use starch as a carbon source. King and Eggins (1973) tested 33

species of mould and sapstain fungi associated with colonisation of green timber for the

97



degradation of amylose. All the species tested were considered amylotic. Umezurike
(1969) showed that B. theobromae uses starch and other saccharides present in wood of
Bomba buonopozense as initial substrates. Amylase activity was also detected in culture

filtrates of B. theobromae. The amylase behaved like an inducible enzyme and was not

detected in the cultures after exhaustion of starch.

Starch is generally recognised to be an important storage carbohydrate in wood, but

soluble sugars can also constitute a major proportion of the total non-structural

carbohydrate present (Cranswick ef al, 1987).

Mathiesen-Kairik (1960) described the carbon utilisation of a number of sapstain fungi
and found that there was a considerable variation in the utilisation of carbohydrates by
individual sapstain fungi. The largest number of different carbon compounds were
utilised by the primary pathogenic fungi, like O. #/mi. The secondary colonising sapstain
fungi like O. galeiformis were found to utilise fewer compounds. All the sapstain fungi
tested were able to readily utilise the hexose sugars including: glucose, fructose,
mannose and galactose. The secondary colonising fungi were unable to utilise the di-
and polysaccharides. Mathiesen-Kédarik (1960) concluded that different ecological
groups of sapstain fungi utilised different carbon sources. The secondary fungi, that
invade the wood at a latter stage, usually entering logs already occupied by other
organisms, are not able to utilise a great number of carbohydrates. These fungi may lack
the enzyme systems to degrade the polysaccharides. Table 5.2 presents the data of
Mathiesen-Kairik (1960) on the growth of Ophiostoma species found in New Zealand

on different carbon sources.
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Table S.2: Growth of Ophiostoma species (found in New Zealand) on different carbon sources (source
Mathiesen-Kaarik, 1960).

Fungal species O. piceae 0. floccosum _O. galeiformis
Glucose, fructose, mannose,

galactose +++ +4++ +++
Cellobiose +++ ++ +4++
Xylose +++ +++ ++
Maltose +++ +++ ++
Pectin +++ 4+
Glycerol +++ +++ +++
Rhanmose +++ +++ +++
Oleic acid +++ +
Sorbitol +++ ++ +
Inositol +++ ++ +++
Arabinose +++ +++ +++
Mannitol +++ +++ +
Starch ++ +++ +
Sucrose +4++ +++ +
Sorbose ++ +++ ++
Erthritol ++ ++ +
Malic acid + +
Lactose + ++ +
Raffinose + ++ +
Inulin ++ + +
Ribose ++ ++ +
Cellulose + ++ +

NB. +++ good growth; ++ fair growth; + poor growth; no sign — no experimental data.

In wood, the nitrogen available for fungal colonisation is low, usually between 0.01 and
0.1% of the dry weight (Merrill and Cowling, 1966). Most of the nitrogen is present as
protein bodies found in the parenchyma cells, therefore, staining fungi would require
extracellular enzymes to break down protein into assimilable amino acids to grow on
wood. Staining fungi were shown to produce proteinases and aminopeptidases in
protein-supplemented media and in wood (Breuil and Huang, 1994; Breuil et al, 1995).
Immunogold labelling of a proteinase produced by a sapstain fungi revealed that the
enzyme was secreted into the cell wall and released in a sheath surrounding the hyphae

as the fungus grew in wood (Gharibian et a/, 1996).

Lipids constitute most of the extractives in a tree and are present in amounts at least ten
times greater than soluble sugars, and are a more concentrated form of energy. The total
lipid content in the sapwood of most tree species is approximately 2% of the total dry
weight (Gao ef al, 1994). Triglycerides, which account for 40-50% of the total
extractives, are easily hydrolysed by lipases into fatty acids and glycerol. Fatty acids
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and glycerol are used as a carbon source by the fungi (Mathiesen-Kairik, 1960; Gao et
al, 1994; Zheng et al, 1995).

Wood extractives were shown to inhibit the growth of some fungi, however the
Ophiostoma species tolerate and degrade resinous compounds (Blanchette et al, 1992).
The degradation of resinous compounds by Ophiostoma species allows for the growth of
other fungi that were sensitive to the resin (Blanchette er al, 1992). Blanchette ef al
(1992) showed that an albino strain of O. piliferum could decrease the total extractives
and the esterified fatty acids of southern yellow pine wood chips. Gao er al (1994)
showed that O. piceae was able to utilise the triglycerides, fatty and resin acids of P.
contorta. Zink and Fengel (1990) showed that O. piceae was able to grow on fatty acids

(C18:1 and 18:2) as a carbon source.

Recently, Martinez-Inigo et a/ (1999) confirmed that two other species of sapstain fungi,
Ophiostoma ainoae and Ceratocystis allantospora, almost completely degraded
triglycerides and long chain fatty acids in P. sylvestris sapwood. The fungal strains also
reduced substantially the amounts of steryl esters and waxes in the wood. However,
sterols and resin acids were not or were poorly removed by Ophiostoma ainoae and

Ceratocystis allantospora.

In contrast, the resin acids of different wood species were reduced by the inoculation and
growth of Ophiostoma species (Brush et al, 1994, Wang et al, 1995). Palustric acid and
abietic acid were strongly reduced by the fungi tested, however, dehydroabietic acid and
isopimaric acid were left as the dominant resin acids (Wang et al, 1995). The results
suggested that biological pretreatment of chips was an efficient way of decreasing resin
acids. In further studies on the degradation of the lipid content of wood, Leone and
Breuil (1998) studied the degradation of aspen steryl esters and waxes and found that an
albino strain of O. piliferum did not degrade these compounds efficiently.

The contrasting studies may be a reflection of the different requirement of the individual

sapstain fungi or the different composition of the lipid component in the different wood

species.
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53.2.2  Moisture Content

Eaton and Hale (1993) described the moisture content of wood as the most important
factor in determining the rate and extent of sapstain infestation in wood. The moisture
content of sapwood in a vigorously growing living tree is too high to permit the growth
of staining fungi, which are strongly aerobic (Findlay, 1959). For most Ophiostoma
species it was suggested that an appreciable loss of moisture from freshly harvested
wood is needed before fungal growth and penetration can occur (Gibbs, 1993). The loss

of moisture may be induced by injuries or insect attack in standing trees or just

seasoning in freshly harvested logs.

The limiting maximum moisture content for development of staining fungi can only be
determined with regard to the density of the wood. The lower the density the more air
and water the wood contains. The potential area of stain therefore increases during the
drying of wood until fibre saturation is reached. In 1907, Miinch observed a very slow
penetration of O. minus into 5-10 cm discs cut from a 40-year-old P. sylvestris (quoted
in Gibbs, 1993). However, a loss of only 10% of this moisture through air-drying was
sufficient to allow complete penetration of the sapwood. Later studies by Lagerberg et al
(1927), albeit on wood that was partially sterilised at 50°C, showed that O. minus was
noticeably less inhibited by high moisture contents than were species such as O.
piliferum and L. lundbergii. Lagerberg et al (1927) found that oxygen is the limiting
factor of growth by sapstain fungi in wood with high moisture contents. Solheim (1991)
suggested that rapid growth and ability to grow under oxygen-deficient conditions are
important characteristics for primary sapwood invading fungi. Control of sapstain fungi
is accomplished by sprinkling logs with water to inhibit fungal colonisation (Gibbs,
1993). The control works on the principle of keeping the moisture content of the wood

high enough such that no fungi can colonise the wood.

The minimum moisture content for the growth of most sapstain fungi is about 27-28%
(Findley, 1959). However, the minimum moisture content of about 24% was
determined for stain development in Pinus taeda by O. piliferum (Lindgren, 1942;
Bjoérkman, 1946).

$.3.2.3  Oxygen
All filamentous fungi appear to be strictly aerobic (Berry, 1975). Although precise
requirements for oxygen vary with the species and the growth conditions, most fungi
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grow as well at oxygen pressure of 20-40 mm Hg as at atmospheric pressure (160 mm
Hg) (Berry, 1975). . Scheffer (1986) sought to establish the oxygen requirements of 48
wood-destroying Basidomycetes and six sapstain fungi, investigating i) growth of the
fungi on nutrient agar under various partial pressures of oxygen,; ii) capacity of the fungi
to deplete oxygen when sealed in a closed chamber; iii) capacity of the fungi to survive
when so confined. It was found that the six sapstain fungi survived one to six months
without oxygen, exhibiting survival comparable to the majority of the Basidomycetes.
Ceratocystis minor, O. piliferum, Diplodia natalensis and Graphium rigidum were able
to survive between one and three months without oxygen, whereas O. ips survived up to

six months without oxygen.

53.2.4  Temperature

Sapstain fungi grow on and stain wood optimally at temperatures between 22 and 30° C
(Reynolds et al, 1972; Miller and Goodell, 1981). The minimum temperature for growth
of sapstain fungi, depending on the species is around 0 —3° C and the maximum between
28 and 40°C (Kairik, 1980). Table 5.3 shows the cardinal (maximum, minimum and
optimum) temperatures of Ophiostoma species found in New Zealand and summarised
by Kéarik (1980). Kaérik (1980) also showed that O. piliferum was viable after 10 days
at —21°C and that mycelium grows at —2.5°C after 35 days. Miller and Goodell (1981)
looked at the ability of O. piliferum to grow and discolour at moderate and low
temperatures and they found that the fastest rate of growth on malt extract agar was
between 20 and 25°C. They also noted that severe staining of timber by O. piliferum
occurred at temperatures of 3°C to 8°C when stored between one and two months
(Miller and Goodell, 1981).

Table 5.3: Cardinal temperatures for growth of Ophiostoma species (source Kairik, 1980).

Temperature (°C)

Species Minimum for growth Optimum for growth Maximum for growth
O. floccosum <5 26 34
0. ips <5 28-32 40
O. piceae -2 23 35
O. piliferum -3 26 34
O. pluriannulatum 4 28-29 35
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53.2.5 Relative Humidity

Virtually no microorganisms are able to grow below the equilibrium relative humidity of
65% (Pasanen et al, 2000). Work by Mathiesen-Kaarik (1960) and Dowding (1969)
found that spores of several wood staining fungi rapidly lost viability below 95%
relative humidity and could only germinate in air at 100% humidity or in water. Payne
et al (2000b) reported that spores and hyphae of O. piceae could develop and sporulate

on Sitka spruce sapwood and on agar media at 93% relative humidity or higher.

This literature review concentrated on the growth aspects of sapstain fungi including
growth conditions and colonisation on wood, and effects of moisture, oxygen,
temperature and different nutrient requirements. These fungi colonise the parenchyma
cells, resin ducts and tracheids of the wood, but they are not believed to damage the

wood properties.

5.4 Materials and Methods
5.4.1 Fungal isolates

Isolates, representing four sapstain species were chosen for Colonisation Laboratory
Experiments I and II and Colonisation Field Experiments I and 1. The sapstain species,
S. sapinea, O. floccosum, O. ips, and L. procerum, were selected as they represented
distinct groups of sapstain fungi. O. floccosum, is a member of the O. piceae complex,
L. procerum is a member of the Leptographium complex and O. ips has a Pesotum
anamorph. These fungi were also dominant sapstain fungi in New Zealand for their
specific groupings (Chapter 3). For Colonisation Laboratory Experiment I, three isolates
of each species were assessed. For Colonisation Laboratory Experiment II and
Colonisation Field Experiment I and II, one isolate of each species was assessed. For
Colonisation Laboratory Experiment III, nine sapstain species were chosen for
assessment. These fungi were selected as they were newly described from New Zealand
in the ecological studies of Chapter 3 or not represented in the literature for stain
development on P. radiata. Descriptions of the origin and date of isolation as well as

the experiment that each strain was used in is provided Table 5.4.
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Table 5.4: List of sapstain fungi used in each colonisation experiment with details of isolation.

Isolate

g_ga_in fungi number Experiment used Origin Date isolated
Botryosphaena
species D19 Colonisation Laboratory Il Motueka Valley, South Island 10/10/96
Botryosphaenia D22
species Colonisation Laboratory il  Hamilton, North Island 7/10/96
L. procerum 417 Colonisation Laboratory | Riverhead Forest, North Island 6/05/97
L. procerum 446 -

gg:g:::::;g: Il::gz::gry : ::I Mahurangi Forest, North Island 22/05/97
L. procerum 1852 Colonisation Field | Il ' Whitford Forest, North Island 20/01/98
L. truncatum J696 Colonisation Laboratory lll  Kinleith Forest, North Island 15/3/01
L. truncatum J404 Colonisation Laboratory Il  Kinleith Forest, North Island 15/3/01
O. coronata 431 Colonisation Laboratory Ill  Mahurangi Forest, North Island 28/05/97
0. coronata 868 Colonisation Laboratory Il Mahurangi Forest, North Island 20/06/97
0. floccosum 68 Colon?sat!on Laboratory |, II;

Colonisation Field |, i Kinleith Forest, North Island 21/10/96
0. floccosum 148 Colonisation Laboratoryl  Hanmer Springs, South Island 23/01/97
0. floccosum J2004 Colonisation Laboratory |  Kinleith Forest 31/08/01
O. galeiformis 413 Colonisation Laboratory Il Riverhead Forest, North Island 5/05/97
O. galeiformis —

832 Colonisation Laboratory ill  Whitford Forest, North Island 9/07/97

O. huntii 474 Colonisation Laboratory lil  Port of Tauranga, North Island 15/05/97
O. huntii 903 Colonisation Laboratory Ill  Tarawera Forest, North Island 25/06/97
0. ips P36 Colonisatﬁon Lgboratory I, I o

Colonisation Field |, Il Kinleith Forest, North Island 12/01/00
0. ips 424 Colonisation Laboratory | Northland, North Island 22/05/97
0. ips 1024 Colonisation Laboratory |  Mahurangi Forest, North Istand 1/08/97
O. nigrocarpum 929 Colonisation Laboratory Il  Tarawera Forest, North Island 26/06/97
O. querci 162 Mat b Colonisation Laboratory lli Tasman Pulp and Paper, North Island 13/02/97
0. querci 1688 Colonisation Laboratory . Whitford Forest, North Island 30/01/98
O. setosum J1785 Colonisation Laboratory Ill  Kinleith Forest 9/05/01
O. setosum 670 Colonisation Laboratory Il Tauranga, North Island 14/05/97
O. stenocerus 930 Colonisation Laboratory Il Northland, North Island 1/07/97
S. sapinea D4 Colonisation Laboratory | Dome forest, North Island 26/09/96
S. sapinea D33 Colonisation Laboratory | Tauranga, North Island 8/12/96
S. sapinea D35 Colonisation Fie i """ iniith Fores, North Island 13/12/96

S.4.2 Colonisation Laboratory Experiment I - Intrinsic growth rate assay

The intrinsic growth rates of selected isolates were measured on malt extract agar and

malt yeast extract agar. Isolates were first grown on malt extract agar for approximately

one week prior to establishment of the experiment. Discs 6mm in diameter were cut

from the actively growing colony margins and placed at the centre of 90 mm plastic

Petri dishes with three replicates per isolate, and incubated in darkness at the following

temperatures 6°C, 15°C, 23°C and 30°C. Growth measurements at 6°C were suspended

after the first cultures were assayed as the growth rates were too slow to get accurate

measurements. Whether a culture was capable of growth at 6°C was then noted.
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The first measurements of the colony diameters were taken after two days incubation at
right angles. The second and subsequent measurements were made after one to four
days depending on the speed of growth of the particular isolate. Growth measurements
ceased after 30 days or when the colony was within S mm of the edge of the dish. The
average intrinsic growth rate for each isolate was calculated as the mean radial
increment per day, using the two measurements per plate, the daily measurements and
the three replicate plates. Statistical analysis was performed as analysis of variance and

Tukey’s test for comparisons of means using Minitab 12 for Microsoft Windows.

5.4.3 Colonisation Laboratory Experiment II — Laboratory Radial Penetration
and colonisation trial

Freshly harvested log bolts (200mm in length, 450mm in diameter) were selected P.

radiata trees. The 25-year-old trees originated from Kinleith Forest, Central North

Island, New Zealand. The discs were then sliced into specimens of 15 x 15 x- 100mm

(radial x tangential x longitudinal) from the sapwood and the orientations as shown in

Figure 5.1. The specimens were stored at 5°C until required.

Each wood specimen was dipped in melted paraffin wax. The wax was allowed to
solidify and the radial end that originated from the most outer edge of the log was sliced
to remove the wax coating to allow for inoculation. Each specimen was placed in a
separate clean resealable plastic bag. Inoculations of fungal spore suspensions occurred
on the same day as wax dipping to minimize contamination. Unsterilised wood
specimens were used in this experiment since these specimens mimic freshly harvested

wood in the field.
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Heartwood

P. radiata disc

Sapwood

15x15x 100mm

Figure 5.1: Diagram showing orientation of specimens used for the Colonisation Laboratory Experiment
I

The same fungal species (S. sapinea, O. floccosum, O. ips, L. procerum) used in the
intrinsic growth rate assays were used in this experiment, but only one isolate of each
fungus was selected. Albino isolates of O. floccosum F13 and F40 and O.
pluriannulatum 3410 were also used but the results for these fungi will be shown in
Chapter 6 (Section 6.5.4). Spore suspensions of approximately 1 X 10° spores/ml (or
equivalent in dry weight (0.002g/ml) for S. sapinea) were used.

Nine specimens (replicates) per species and were incubated in darkness at the following
temperatures: 15°C, 23°C and 30°C. After three days, one week or four weeks
incubation time, three specimens per species, at all three temperatures were assessed for

stain development and radial penetration.

The specimens were split in half (down the radial axis) with a sterile chisel and the stain
development was measured with a ruler. The specimens were assessed for fungal radial
penetration by slicing each specimen into the following ten increments from the outer
most edge of sapwood to inner sapwood: 0-10, 10-20, 20-30, 30-40, 40-50, 50-60, 60-
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70, 70-80, 80-90, 90-100mm. Each increment was further sliced and plated onto malt
extract agar. The presence or absence of the inoculated fungi within each increment

was noted and the average radial penetration of the three specimens per temperature, per
time point was calculated.

5.4.4 Colonisation Laboratory Experiment III — Laboratory stain development
and colonisation trial

Freshly harvested log bolts (200mm in length, 450mm in diameter) were selected from

P. radiata trees. The 25-year-old trees originated from Kinleith Forest, Central North

Island, New Zealand. The discs were then sliced into specimens of 20 x 20 x 40mm.

Three specimens were placed in resealable plastic bags. Specimens were sterilised by

gamma-irradiation (27.6kGy) at Mallickrodt Veterinary Ltd., Lower Hutt, New Zealand,

prior to inoculation.

Two isolates of each of the following fungi were inoculated onto the wood specimens:
Botryosphaeria species, L. procerum, L. truncatum, O. huntii, O. galeiformis, O.
setosum, O. querci, and O. coronata. One isolate, each of O. nigrocarpum and O.
stenocerus were inoculated. Three bags (each a replicate) containing three specimens
were inoculated with each fungal isolate and three bags were inoculated with sterile
water as a control. Two ml of fungal inoculum containing approximately 1 X 10
spores/ml (or equivalent in dry weight (0.002g/ml) for Botryosphaeria species) were
added to each bag and thoroughly shaken. Samples and controls were incubated at 25°C

for 6 weeks.

After six weeks incubation the specimens were cut in half with a sterile chisel and the
internal surface of the specimen was assessed for stain development. Two independent
assessors estimated the amount of visual sapstain coverage and the stain intensity value
(using the criteria in Table 5.5) of the internal surface of each specimen. The average
sapstain coverage and stain intensity value were determined from the average of both

assessors and the average of the three specimens per bag.
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Table 5.5: Stain intensity value scale.

Stain intensity Value  Description

0 No stain
Palest grey stain
Pale grey stain
Grey stain
Dark grey stain
Black stain

b ON =

Small slivers were taken from the internal surface of each specimen and plated on to

malt extract agar to ensure that the inoculated fungi had successfully colonised each

specimen.

5.4.5 Colonisation Field Experiment I - Summer penetration field trial

The first trial was established at the University of Waikato, on the 20® of November
2000. The storage site was a secured grassed area within the grounds of the University
with no public assesses (Figure 5.2). The University of Waikato was selected due to the
ease of daily sampling, and assessment immediately after slicing. As this site was
isolated from a forest environment, it was believed that less contamination from other

sapstain fungi would affect the trial.

Figure 5.2: Site of Colonisation Field Trial I and II at The University of Waikato, Hamilton, New
Zealand.
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Logs were randomly selected and harvested the previous day from Kinleith Forest,
Central North Island, New Zealand, debarked for the fungal treatments and with bark on

for controls, and transported to the University. The logs were 1.2m in length with an

average diameter of 31.8cm.

Three logs per treatment were inoculated as follows: S. sapinea (isolate D35); a mixture
of Ophiostoma species (L. procerum isolate 1852, O. ips isolate P36, and O. floccosum
isolate 148); and a mixture of two albino O. floccosum strains, F13 and F40. Three logs
were treated with water that served as the control. The fungal species were inoculated at
approximately 1 x 10° colony forming units per ml (or 0.002gm/ml of S. sapinea
mycelium suspension) in a total of 4 litres of water and sprayed onto each set of three

logs with a hand garden sprayer.

Each log was sampled every three days for a total of 30 days. A disc sample (50mm)
was removed from one end of the log and discarded. A second disc sample (50mm) was
subsequently sliced and this was assessed for stain development and radial penetration of
the inoculated sapstain fungi. From each disc sample three wedges were taken (Figure
5.3). The moisture content of the first wedge was measured and calculated using the
method described in Chapter 2 (Section 2.9). Visual sapstain development on the

remaining two wedges was determined by measuring the radial stain development.

Figure 5.3: Cross section of a disc from P. radiata showing how samples were obtained for ﬁelq trial
growth rate assays. The position of the blocks taken for fungal isolation (A) and for moisture
measurements (B) are indicated.
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The two wedges were then used for culturing to measure the radial penetration of each
inoculated fungus. Samples were taken in the following increments of each wedge with
a chisel at Day 3: 0-5, 5-10, 10-15, 15-20, 20-25, 25-30, and greater than 30mm depths
(Figure 5.4). Each increment sample was surface sterilised and slivers were then taken
from the internal surface of each increment with a sterile scalpel. After Day 3, the
increment sampling was increased due to the quick growth of O. floccosum, to the
following depths: 0-5, 5-10, 10-15, 15-20, 20-25, 25-30, 30-40, 40-50, 50-60, and 60-
70mm. After Day 18, increment sampling was again increased to the following depths:
0-10, 10-20, 20-30, 30-40, 40-50, 50-60, 60- 70, 70-80, 80-90, and 90-100mm. The
scalpel samples were plated onto two selective media; Media 4 and Media 6 (Chapter 2
Section 2.2). All sapstain species were identified using morphological properties as
described in Chapter 2 (Section 2.4).

o4
1
a
E
)\

10-15mm

Figure 5.4: Increment sampling from a wedge taken for culturing to measure the radial penetration of
sapstain fungi into the logs in Colonisation Field Experiment I at Day 3.

Weather data, both rainfall and temperature for the Hamilton area was also collected

from a local weather station.

The resulting radial penetrating from culturing of fungi and visual stain data were
reported as means and standard errors for the three logs per treatment. Statistical
comparisons were performed using analysis of variance and Tukey’s comparisons of

means.

110



5.4.6 Colonisation Field Experiment II - Winter penetration field trial.

The first trial was established at The University of Waikato, on the 9* of July 2001 at
the same site as Colonisation Field Experiment I.  Logs were randomly selected and
harvested the previous day from Kinleith Forest, Central North Island, New Zealand,

debarked for the fungal treatments and with bark on for controls, and transported to the
University as 200cm lengths.

Three logs per treatment were inoculated with the following criteria: S. sapinea (isolate
D35), a mixture of Ophiostoma species (L. procerum isolate 1852, O. ips isolate P36,
and O. floccosum isolate 148); and an albino O. pluriannulatum strain 3410. The albino
O. pluriannulatum strain 3410 was chosen for this experiment as it is a successful
biological control fungus developed in New Zealand for its ability to reduced sapstain
see Chapter 6 (Section 6.5.6). Three logs were treated with water that served as the
control. The fungal species were inoculated at approximately 1 x 10° colony forming
units per ml (or 0.002gm/ml of S. sapinea mycelium suspension) in a total of 4 litres of

water and sprayed onto each set of three logs with a hand garden sprayer.

During the first week the logs were sampled every day, then for the following weeks
every 3 days until 30 days total as described for Colonisation Field Experiment I
(Section 5.4.5). Samples were taken from the following increments of each wedge: 0-
10, 10-20, 20-30, 30-40, 40-50, 50-60, 60-70 and greater than 70mm depths with a
chisel. The trial was assessed and analysed as described for Colonisation Field

Experiment I (Section 5.4.5).

5.4.7 Microscopical analysis of growth in wood

P. radiata sapwood samples inoculated with each of the following cultures
independently and obtained from the Colonisation Laboratory Experiments II and III
were examined microscopically after 4-5 weeks incubation:  O. ips (isolate P36), S.
sapinea (isolate D35), Botryosphaeria species (isolate D19) and L. truncatum (isolate
J404). Radial and tangential sections of wood of approximately one or two wood cells
in thickness were cut using a razor blade and placed on glass slides with water or stained
with cotton blue in lactophenol. Cotton blue in lactophenol was used to enhance the
contrast of fungal hyphae but it was subsequently noted that the fungal hyphae was

easily recognisable without any staining. The prepared slides were analysed using an
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Olympus BX40 light microscope and photographs were taken with a Nikon Coolpix
995.

5.5 Results and Discussion

It was the principle objective of this chapter to measure the intrinsic growth rates, stain
development and colonisation of various New Zealand sapstain species on P. radiata in
both the laboratory and the field. This results and discussion section presents data from
three laboratory experiments and two field trials.

The sapstain species tested varied in their growth rates on synthetic media, and on
laboratory specimens of P. radiata and on logs maintained in the field. There was
variation in growth and colonisation at different temperatures and in different seasons

between the species.

3.5.1 Colonisation Laboratory Experiment I - Intrinsic growth rate assay

All fungi tested grew at all temperatures and showed similar growth trends in both
media. A summary of intrinsic growth rates for all sapstain fungi tested is shown in
Table 5.6. S. sapinea was the fastest growing sapstain fungi of the species tested. The
maximum growth was recorded at 30°C (9.4mm/day on malt yeast extract agar). O. ips
was the next fastest with a maximum growth rate at 30°C (6.3mm/day on malt extract
agar). Both L. procerum and O. floccosum had maximum growth rates (2.8 and
1.8mm/day respectively) at 23°C.

Table 5.6 Summary of the mean growth rates for the sapstain fungi on different media and at different
temperatures.

Mean growth rate (mm/day)*

16°C 23°C 30°C
Sapstain species  Yeast Malt Malt Yeast Malt Malit Yeast Malt Malt
L. procerum 1.8+0.05 19+0.07 271003 28+010 04+0.04 0610.04
O. floccosum 1.2+001 13+004 171002 18+006 09+0.07 1.0+0.07
O. ips 30+013 30+012 44+020 441020 601020 631020
S. sapinea 35+017 36+012 64+021 631011 941015 9.0+0.13

"Mean radial growth rate (mm) per 24 hours + standard error.

O. floccosum grew slowly in both media with an average growth rate of 1.77mm/day at
23°C. There was a significant difference between growth rates for different isolates of
O. floccosum (F = 10.39, P<0.000) and for growth rates on the malt versus yeast-malt

agar (F= 19.29, P<0.000). Growth rates were highest for O. floccosum at 23°C
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compared to 15°C and 30°C (F =244.93, P<0.000). Al strains of O. floccosum tested
were also able to grow at 6°C but very slowly. Table 5.7 shows the growth rates for
each strain and media at the three temperatures. Growth rates with the same letter
following the standard error figure are not significantly different according Tukey’s

pairwise comparisons. O. floccosum generally grew faster in malt extract agar than malt

yeast extract agar at all temperatures.

Table 5.7: Linear growth rate of O. floccosum at three different temperatures.

Radial growth rate (mm/day)'

0. floccosum isolate

and media type 15°C 23°C 30°C

68 YM 1.2 £0.01de 1.7 £0.02h 1.1 £0.01d
68 M 1.4 £ 0.01g 2.010.03 0.9 +0.00¢
148 YM 1.2 £ 0.02de 1.7 £ 0.03h 0.7 + 0.00a
148 M 1.2 £ 0.03de 1.8 £ 0.02h 0.9 1 0.02bc
J2004 YM 1.2 £ 0.03de 1.8 £0.03h 0.8 + 0.02ab
J2004 M 1.4 £ 0.00fg 1.8 £+0.01h 1.3 £ 0.04ef

!Mean radial growth rate (mm) per 24 hours + standard error.
Values within the table with same letter do not differ significantly with a Tukey’s analysis (P>0.05).

O. ips grew moderately fast in both malt and yeast malt agar with an average growth rate
of 6.1mm/day at 30°C. There was no significant difference in growth rates for O. ips on
malt or yeast-malt agar (F= 0.41, P=0.526). There was a statistical difference in the
growth rate between different isolates of O. ips (F=30.73, P<0.000). The quickest
growth was evident at 30°C and there was a significant difference between growth rates
at the three temperatures (F = 370.03, P<0.000). Slow growth of this fungus was also
evident at 6°C.

Table 5.8 shows the growth rates for each strain and media at the three temperatures.
Growth rates with the same letter following the standard error figure are not significantly
different according Tukey’s pairwise comparisons. O. ips isolate number P36, was
slower growing at all temperatures compared to the other isolates of O. ips. All the
isolates originated from the North Island of New Zealand but isolates 1024 and 424 were
from Northland and P36 was from Kinleith Forest in the Central North Island of New
Zealand.
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Table 5.8: Linear growth rate of O. ips at three different temperatures.

Radial growth rate (mm/day)’

O. ips isolate and

media type 15°C 23°C 30°C
P36 YM 26 +0.03a 3.7+£0.07cd 5.4 1+ 0.03fg
P36 M 2.8 £+ 0.09ab 3.7+0.02¢c 5.8 £ 0.04gh
424 YM 3.4 £0.17bc 46 1+0.20e 6.5 1 0.31jj
424 M 2.7 £0.05ab 50 +0.1ef 7.1 £0.15j
1034 YM 3.0 £ 0.04ab 4.8 *0.05ef 6.2 +0.26ih
1034 M 3.4 £+ 0.03bc 4.3 £+ 0.10de 5.9 + 0.06gh

"Mean radial growth rate (mm) per 24 hours + standard error.
Values within the table with same letter do not differ significantly with a Tukey’s analysis (P>0.05).

The fastest growth rates were recorded for S. sapinea of the four sapstain fungi tested for
both media and at all temperatures. There was a significant difference in the growth
rates on agar of S. sapinea according to temperature (F=689.56, P<0.000). Maximum
growth was evident at 30°C. S. sapinea was also able to grow at 6°C but too slow to
accurately obtain a daily growth rate. There was no difference between the growth rates
on the different media (F=1.60, P=0.212) or between strains of S. sapinea (F=1.92,
P=0.158). Table 5.9 shows the growth rates for each strain and media at the three
temperatures. Growth rates with the same letter following the standard error figure are

not significantly different according Tukey’s pairwise comparisons.

Table 5.9: Linear growth rate of S. sapinea at three different temperatures.
Radial growth rate (mm/day)’

S. sapinea isolate

and media type 15°C 23°C 30°C

D4 YM 36+0.15a 6.9+ 0.22¢ 9.1 £0.10de
D4 M 3.9+0.05a 6.5+ 0.18bc 8.5+0.13d
D33 YM 39+0.06a 6.5+ 0.15bc 9.5 +£0.03e
D33 M 38+0.10a 6.1 £0.13bc 9.1 £ 0.10de
D35 YM 3.1+0.38a 57+0.13b 9.8 +0.38e
D35 M 3.2+0.09a 6.3 £ 0.24bc 9.3+ 0.14de

"Mean radial growth rate (mm) per 24 hours + standard error.
Values within a column with same letter so not differ significantly with a Tukey’s analysis (P>0.05)

There was a statistical difference between growth rates at different temperatures for L.
procerum (F=1064.5, P<0.000), maximal growth occurred at 23°C. There were also
statistical differences in growth rates between strains (F=8.71, P=0.001) and between
media (F=8.88, P=0.005). Table 5.10 shows the growth rates for each strain and media
at the three temperatures. Growth rates with the same letter following the standard error
figure are not significantly different according Tukey’s pairwise comparisons. All

isolates of L. procerum grew faster in malt extract agar than malt yeast extract agar at 15
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and 23°C. There was no difference between growth rates of L. procerum in different
media at 30°C.

Table 5.10: Linear growth rates of L. procerum at three different temperatures.

Radial growth rate (mm/day)'
L. procerum isolate
and media type 15°C 23°C 30°C
417 YM 1.9+ 0.04ab 2.8 + 0.04cd 0.4 £ 0.02fg
417 M 22+0.03 3.1+0.01 0.6 £0.02h
446 YM 1.6 £0.03a 2.6 +0.01ce 0.5 £ 0.01fg
446 M 1.9+ 0.04b 2.8 £0.04d 0.6 £0.01gh
1688 YM 1.7 £0.01b 25+0.12e 0.4 £ 0.00fi
1688 M 2.0+ 0.00a 2.8 £0.04d 0.2 £ 0.00i

'Mean radial growth rate (mm) per 24 hours + standard error.
Values within the table with same letter do not differ significantly with a Tukey’s analysis (P>0.05).

The linear growth rates of sapstain fungi on synthetic media were well studied. The
research present in this thesis on intrinsic growth rates on synthetic media was initiated
to confirm the previous studies using New Zealand isolates of a variety of sapstain fungi

and to compare with the results obtained on P. radiata in the laboratory and in the field.

Kay and Ah Chee (1999) studied the impacts of temperature on sapstain growth and
development on artificial media using New Zealand isolates. The results present in this
thesis endorse the findings of Kay and Ah Chee (1999). They found that S. sapinea, O.
ips, O. piliferum and O. piceae had the most rapid rate of growth. O. floccosum, O.
piceae, O. piliferum, O. pluriannulatum and O. setosum grew optimally at 20 to 25°C
while O. ips, S. sapinea and O. querci grew optimally at greater than 25°C.

Kay et al (2002) measured the variation among New Zealand isolates of S. sapinea. It
was found that there were significant differences among the growth rates on various
media and between different isolates of S. sapinea. Chou (1987) found no differences in
the growth rates of New Zealand isolates of S. sapinea. Variation has been widely
documented for S. sapinea populations (Palmer et al, 1987; Swart et al, 1991).

Gibbs (1993) described the linear growth rates on malt extract agar of sapstain species.
Of the species described that have been isolated in New Zealand O. ips and O. huntii had
growth between 5 and 10 mm/day. O. piliferum, L. procerum, and O. piceae had linear
growth rates less than Smm/day. This data supports the results described by Gibbs
(1993) for L. procerum and O. ips.
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Variation between media was evident for some isolates of some species at different
temperatures. For most of the species malt extract produced faster growth than malt
extract agar. Benko and Highley (1990) studied the influence of different media on the
growth of different wood inhabiting fungi including the sapstain fungi Ceratocystis

coerulescens. The fungal growth (mm/day) of C. coerulescens was faster in malt extract

agar than malt yeast extract agar at 27°C.

5.5.2  Colonisation Laboratory Experiment II — Laboratory Radial Penetration
and colonisation trial.

Testing colonisation and radial penetration of fungi on wood is more desirable and

accurate than on synthetic media. One isolate of each species of the fungi used in the

Colonisation Laboratory Experiment I was selected for further analysis on P. radiata

wood specimens.

Analysis of only the radial penetration of the fungi was chosen for this study, as the
majority of fungal stain development evident in the Export Field Trial I was in a wedge
shape projecting from the outer cambium in towards the heartwood (Chapter 4, Section
4.4.2). It is well documented that the sapstain fungi initially colonise the ray cells and
grow radially toward the centre of the log (Ballard er a/, 1984). Radial penetration was
measured in this experiment in two ways. Firstly, the visual sapstain present on the
inner surface of the wood was measured. Solheim (1992) noted that during the early
stages of fungal colonisation the sapstain fungi are colourless, so the extent of visual
sapstain is not necessarily a good indication of the progress of fungal penetration. The
second method identified the radial penetration of colourless hyphae by culturing the

fungi growing in small increment steps down the radial axis of the wood specimen.

5.5.2.1  Stain Development

The development of stain on wood specimens of the internal surface of P. radiata after
30 days incubation is shown in Figure 5.5. No stain was visible on the specimens
sampled after three and seven day’s incubation with any sapstain fungi. The visual
appearance of penetrating stain was more advanced at 30°C for O. ips (Figure 5.6), S.
sapinea and O. floccosum. No stain was visible on the O. floccosum wild type stain and
the albino O. floccosum stains F13 and F40 at 15 and 23°C. No visible stain was evident

on the specimens inoculated with S. sapinea at 15°C.
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Figure S5.5: Visual stain development on laboratory specimens after 30 days incubation at various
temperatures.

Ophiostoma ips

30 degrees C 23 degrees C 15 degrees C

Figure 5.6: Visual sapstain on laboratory specimens after 30 days incubation with the O. ips.

Tabirih and Seechann (1984) studied the radially, tangential, and axial penetration of
Botryodiplodia theobromae Pat. in specimens (2 X 2 X 10 cm) of a West African wood
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species, Triplochiton scleroxylon (Abachi). They found that the anatomical direction of
this wood species greatly influences the visual spread of B. theobromae. Visual axial
stain development of the sapstain species B. theobromae was greatest with 100mm

penetration after 4 weeks. They found that visually radial penetration appeared at
surprisingly low rates for the fungus.

Uzonovic and Webber (1998) also measured the radial, tangential and longitudinal
penetration of sapstain fungi in P. sylvestris specimens, however they only measured
visual stain development. They found that longitudinal growth of the fungi was faster
than radial and tangential. In their experiment, radial growth of S. sapinea ranged
between 0.6 to 2.3mm/day and found that O. piceae had no radial penetration (Uzonovic
and Webber, 1998).

The results presented in this thesis research suggested that for the sapstain fungi tested
visual sapstain development in the laboratory depended on the temperature of
incubation. Stain development was more prominent at 30°C for the majority of fungi
tested with the exception of L. procerum. In this experiment only the radial penetration
was measured. The results of Uzonovic and Webber (1998), where no visual stain
penetration was evident for O. piceae may be a reflection of the temperature (20°C) at

which this experiment was conducted.

The fungal penetration in each specimen was measured by culturing the fungi from
10mm increment samples along the entire 100mm length. A comparison of the stain

results and the fungal penetration results are compared and dfsplayed in Section 5.5.2.3.

5.5.2.2  Fungal Penetration

The radial penetration of O. floccosum (strain 68) on P. radiata wood specimens at three
temperatures is shown in Figure 5.7. O. floccosum grew to 10mm after three days at all
temperatures. After seven days the fastest average growth of O. floccosum was 35mm at
30°C. After 30 days the maximum average growth of O. floccosum on the laboratory
specimens was 50mm at 23°C. There were no statistical differences between any of the

means at any temperature or any time point for O. floccosum.
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Figure 5.7: Growth of O. floccosum on laboratory specimens after various inoculation periods at various
temperatures.

The radial penetration of O. ips (strain P36) on P. radiata wood specimens at three
temperatures is shown in Figure 5.8. O. ips colonised the wood specimens between 10
and 15mm after three days for all temperatures. There was slightly more radial growth
after seven days to 20mm. After 30 days the maximum average growth of O. ips was
75mm at 30°C, 65mm at 23°C and 35mm at 15°C. There was no statistical difference
between the means of growth after 30 days inoculation for 23°C and 30°C. However, O.
ips was statistically slower at penetrating the wood at 15°C after 30 days incubation time
compared to both 23°C and 30°C.
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Figure 5.8: Growth of O. ips on laboratory specimens after various inoculation periods at various
temperatures.

The radial penetration of L. procerum (strain 1852) on P. radiata wood specimens at
three temperatures is shown in Figure 5.9. The fastest radial growth of L. procerum in
the wood specimens was at 23°C. L. procerum showed a statistical difference in growth
between all three temperatures after 30 days inoculation according to Tukey’s analysis
of means (P=0.05). L. procerum penetrated further into the wood with an average
penetration of 75mm at 23°C than at the other temperatures (10mm at 30°C and 35mm
at 15°C).
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Figure 5.9: Growth of L. procerum on laboratory specimens after various inoculation periods at various
temperatures.

The radial penetration of S. sapinea (strain D35) on P. radiata wood specimens at three
temperatures is shown in Figure 5.10. S. sapinea grew to an average of 10mm after
three days at 15 and 30°C and to 13.3mm at 23°C. After seven days the fastest average
growth of S. sapinea was 17mm at 23°C. After 30 days the maximum average growth of
S. sapinea on the laboratory specimens was 65mm at 23°C and 60mm at 30°C. S.
sapinea was able to remain viable at 15°C but unable to penetrate into the wood. There
was no statistical difference between the growth rates of S. sapinea at 23°C or 30°C at

any time point.
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Figure 5.10: Growth of S. sapinea on laboratory specimens after various inoculation periods at various
temperatures.

S. sapinea, O. ips and L. procerum grew more rapidly on the specimens than O.
floccosum after 30 days incubation at 23°C. The data for the albino O. floccosum strains
F40 and F13 and O. pluriannulatum strain 3410 is presented in Chapter 6 (Section
6.5.4).
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5.5.2.3  Comparison of stain development and fungal penetration

A comparison between the visual stain development and the fungal penetration from
culturing at the three temperatures after 30 days incubation is shown in Table 5.11.
Fungal penetration was always greater than the visual stain development. Solheim
(1992) found that sapstain was closely correlated with fungal penetration, with visual
sapstain observed between 2 to 3 mm behind the leading edge of fungal penetration.

Temperature appears to affect the melanisation of the hyphae in the sapstain fungi O.
floccosum as this fungus was successful at penetrating radially but no stain developed at
15°C and 23°C. S. sapinea was unable to produce visible stain at 15°C. Lindgren
(1942) studied the impact of temperature on wood staining fungi and found that O. ips
grew optimally between 25°C and 30°C. The time to appearance and rate of hyphal
melanisation was observed to vary with the different isolates, and the progression of
melanisation was more rapid as temperatures approached optimal for growth of the

isolate.

Table 5.11: Comparison of the visual stain data and the fungal penetration data for Colonisation
Laboratory experiment II after 30 days incubation.

15°C 23°C 30°C

Fungal Fungal Fungal
Sapstain Visual stain penetration Visual penetration Visual stain penetratio
fungi (mm) (mm) stain (mm) (mm) (mm) n (mm)
O. ips 18 35 15 63 44 75
L. procerum 24 37 40 75 6 7
S. sapinea 0 10 6 65 18 60
0. floccosum 0 30 0 50 16 35

5.5.3 Colonisation Laboratory Experiment III — Laboratory stain development
and colonisation trial
For many of the Ophiostoma species isolated in the survey of sapstain fungi in New
Zealand it was unclear whether they imparted a sapstain to P. radiata. P. radiata
laboratory size specimens were inoculated with various Ophiostoma species and two
isolates of Botryosphaeria species. After six weeks incubation at room temperature
(23°\C) the samples were assessed for stain development. Samples were also taken from
the wood specimens for culturing to confirm the isolate identity. Only one isolate of
each O. nigrocarpum and O. stenocerus were used in this experiment as the New
Zealand culture collection of sapstain fungi from the survey contained one viable culture

of each of these species.
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The mean stain intensity and mean percent coverage of stain on the P. radiata specimens
is shown in Table 5.12 and pictures of the stain development of a number of stains are
shown in Figure 5.11. The two isolates of Botryosphaeria species were the only fungi to
extensively stain the specimens a dark grey to black stain. L. procerum, L. truncatum,
O. galeiformis and O. huntii stained the wood a light grey colour. O. setosum, O.
nigrocarpum and O. stenocerus had a very small amount of stain evident on a few

specimens. The majority of the wood was clean. O. coronata and O. querci did not

stain the wood in this experiment.

Table 5.12: Mean stain intensity and mean percent coverage of stain for P. radiata specimens inoculated
with various sapstain species after six weeks incubation.

Mean
Mean stain percent
Isolate intensity coverage of

Species Number value* stain*
Control 0 0
Botryosphaeria species D19 43+0.06 93+3.8
Botryosphaeria species D22 47 +£0.15 83145
L. procerum 446 0.5+0.10 24+94
L. truncatum J404 091045 41 +20.3
L. truncatum J696 141053 56 +17.5
O. coronata 431 0 0
O. galeiformis 413 1.4+0.53 47 £3.9
0. galeiformis 832 1.0+£0.10 541122
O. huntii 474 1.3+£0.73 57 £28.9
O. querci 162 0 0
O. querci 1688 0 0
O. setosum 670 02+0.2 9+89
O. setosum J1785 03102 19+17.0
O. nigrocarpum 929 0.1 £0.05 5+35
O. stenocerus 930 02101 55

*the standard error is displayed after +.

O. galeiformis, was found by Hutchison and Reid (1988b) to stain P. radiata a yellow to
brown colour. The results in this thesis confirm the observations of Hutchison and Reid
(1988a) that O. coronata does not stain P. radiata. Q. setosum and O. querci were not
significant stainers of P. radiata, as these species are closely related to O. floccosum it
could be that these fungi would stain the wood when exposed to higher temperatures as

was shown in Section 5.5.2.
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Botryosp psis species (D189) Cortrol 0. galeiformis (418)

L. runcatum (J404) O. hunti (4;10) v 0. coronata (481)

Figure 5.11: Wood specimens showing various stain intensity and coverage of stain for various sapstain
species and a control on P. radiata.

5.5.4 Colonisation Field Experiment I - Summer penetration field trial

There is a general lack of data available on the growth of sapstain fungi in wood
especially under natural field conditions. With these points in mind, the two field trials
were established to measure colonisation of sapstain fungi on standard mature harvested

unsterilised logs in the field.

A total of 39 samples were collected from the logs before spraying with treatments.
Table 5.13 shows the sapstain species that were isolated from these chisel samples. A
total of 12 isolates of S. sapinea were obtained from various positions on the logs
including knots and wood samples from the top and end faces of the logs. The other
sapstain fungi included O. ips, O. setosum, unidentified Ophiostoma species with black
hyphae (potentially O. huntii or O. ips) and an unidentified Ophiostoma species with
black synnema (potentially O. querci or O. piceae). As these logs were freshly
harvested and transported within one day to The University of Waikato the source of
contamination of these logs could be in transportation, at harvesting or these fungi were
endophytes. Other types of fungi and yeasts isolated from the samples included
Trichoderma species, Fusarium species, Verticillium species, Alternaria species,

Epicoccum species and other unidentified fungi.
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Table 5.13: Sapstain species isolated from logs prior to treatment inoculation.

Treatment Sapstain species isolated

Albino O. floccosum strains

(F13 and F40) S. sapinea, Ophiostoma sp. with black hyphae
Contro.l S. sapinea, O. setosum

S. sapinea S. sapinea, O. ips

Mixed Ophiostoma sp. S. sapinea, Ophiostoma sp. with black hyphae,

Ophiostoma sp. with black synnema, O. ips

Figure 5.12 shows the average moisture content of all the logs as the month of the
summer trial progressed and the rainfall for the trial period. There was a rapid decline in
moisture of the logs between Day 3 and Day 7. The relationship between the weather
conditions for the same period was considered when looking at the moisture contents of

the logs. An increase in moisture content on Day 24 could be related to heavy rainfall
on Day 19, Day 20 and Day 22.
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Figure 5.12: The average moisture content of logs in Colonisation Field Experiment I over a one-month
period.

Figure 5.13 shows the average visual stain for each treatment for Colonisation Field
Experiment I. The first visual evidence of sapstain on the logs was on Day 11 on the S.
sapinea treatment with an average of 3.3mm stain. On Day 15 all of the treatments

showed some visual sapstain. Visual sapstain on all treatments increased over time.
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Figure 5.14 shows the increase in sapstain development on the log number D2 treated
with S. sapinea from Day 15 to Day 30. Sapstain appeared on the cross-section of the
disc around the majority of the circumference extending radially towards the heartwood
(Figure 5.14 picture D). There was a statistical difference in the amount of stain
developed between days (F=56.8, P<0.000). A large variation in the stain development
between logs was evident for each treatment. Statistically there was a difference in stain
development on the logs inoculated with different sapstain fungi and the control
(F=9.41, P<0.000). These results showed that<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>